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Abstract 
Automated sound recorders offer benefits for monitoring wild animals, but 
produce expansive audio datasets. I examined the use of automated recorders to monitor 
bottomland forests in Florida for Ivory-billed Woodpeckers. I compared manual versus 
automated scanning methods of reviewing long audio recordings for target sounds. The 
automated method required less time to scan and review a 24-hour sound recording, but 
made more false positive identifications and was less comprehensive than the manual 
scanning method. Overall, the manual method proved better suited to projects requiring 
the identification of all target sounds within an acoustic dataset. From recordings 
collected in 2006 and 2007,1 isolated and analyzed 304 putative kent calls and 157 
putative double knocks matching Ivory-billed Woodpecker sounds. These acoustic data 
suggest that Ivory-billed Woodpeckers persist in Florida, although the paucity and diel 
patterning of the putative sounds suggest that automated recorders were not near active 
roost or nest sites. 
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Chapter 1 - General Introduction 
Introduction 
Bioacoustic monitoring efforts for studying wild animals have traditionally been 
comprised of manual survey techniques such as point counts, line transects, and focal 
sound recordings (Bridges and Dorcas 2000; Haselmayer and Quinn 2000; Penman et al. 
2005). Recently, automated sound recording systems have been used to help conduct 
bioacoustic studies (e.g. Peterson and Dorcas 1994; Mennill et al. 2006; Tremain et al. in 
press). Automated recorders allow a study area to be monitored remotely, for time 
periods far exceeding what was possible in the past using manual techniques (Peterson 
and Dorcas 1994). However, automated recording devices generate a tremendous amount 
of audio data which must then be examined in a lab to locate sounds of interest. Sounds 
collected by automated recording systems can be examined manually by a person using 
computer software that provides a visual representation of the recording as a sound 
spectrogram, or automatically by sound analysis software that has been pre-programmed 
to identify specific target sounds. Recently, automated sound recording systems have 
played an important role in monitoring the bottomland forests of Arkansas and Florida 
for the presence of the Ivory-billed Woodpecker (Campephilus principalis). My thesis 
investigates the use of automated recording systems in a bioacoustic search for the Ivory-
billed Woodpecker in Florida. 
The use of automated audio recorders in monitoring animal acoustic behaviour 
Automated sound recording systems allow researchers to record and monitor the 
acoustic behaviour of animals remotely. These systems consist of one or more 
microphones attached to an audio recorder, and are often controlled by a solid-state timer 
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or microcontroller (Peterson and Dorcas 1994). Recorders of this type have been used in 
a number of bioacoustic studies encompassing a large array of taxa including birds (Burt 
and Vehrencamp 2005; Mennill et al. 2006; Tremain et al. in press), insects (Brandes et 
al. 2006), frogs (Peterson and Dorcas 1994; Bridges and Dorcas 2000), whales and other 
aquatic mammals (Akamatsu et al. 2001; Ichikawa 2006; Wang et al. 2005), and bats 
(Duffy et al. 2000; Law et al. 2000). 
Biologists are increasing their use of automated recording systems as tools for 
conducting population and species surveys, in contrast to traditional visual and acoustic 
survey methods (e.g. Penman et al. 2005; Rempel et al. 2005; Acevedo and Villanueva-
Rivera 2006; Gunzburger 2006). Automated recording systems offer several benefits over 
manual surveying techniques: they allow for extended sampling periods, up to 24 hours a 
day (Perterson and Dorcas 1994; Acevedo and Villanueva-Rivera 2006); they enable a 
single researcher to survey several areas simultaneously (Peterson and Dorcas 1994); 
they provide a permanent survey record that can be evaluated repeatedly by multiple 
independent sources (Bridges and Dorcas 2000; Rempel et al 2005); they can be used to 
accurately examine temporal and interspecific variation in acoustic behaviour (Peterson 
and Dorcas 1994; Bridges and Dorcas 2000); and because they record passively, they are 
less disruptive to the natural behaviour of the animals being surveyed (Bridges and 
Dorcas 2000). Haselmayer and Quinn (2000) compared the efficacy of point counts and 
sound recordings for surveying avian species richness in the Tambopata Reserve of 
southeast Peru, and showed that sound recordings detected more species on average than 
point counts, especially during periods of high acoustic activity such as the dawn chorus. 
Acevedo and Villanueva-Rivara (2006) found that automated recorders detected more 
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species, and detected individual species more frequently, than traditional point counts and 
transects when assessing avian and anuran species abundance in Puerto Rico. There are, 
however, some drawbacks to using automated recordings systems. Distinguishing 
between conspecific individuals can be difficult in species that lack individually 
distinctive vocalizations, and automated recorders quickly generate massive volumes of 
acoustic data that can be problematic to both store and analyze (Rempel et al. 2005). 
Furthermore, unlike manual point counts, an automated recording system cannot provide 
an estimate of directionality unless two or more microphones are used, and cannot 
provide an estimate of distance unless three or more microphones are used (effectively 
doubling or tripling the amount of acoustic data that must be stored and analyzed). 
Despite these drawbacks, automated recording systems allow an area to be continuously 
monitored for long periods of time, a feat that is not possible using manual bioacoustic 
monitoring methods. 
Monitoring habitats for rare species 
While the documentation of a single individual is all that is required to 
demonstrate the presence of a species within a given habitat, its absence can only be 
surmised within a degree of probability. The confidence in which a species can be 
deemed absent from a habitat is correlated to the rarity of the species and the number of 
times the habitat has been sampled (McArdle 1990). Rare species are less likely to be 
observed in a single habitat survey than more common species (providing that body size 
and conspicuousness is similar between species), and therefore require a habitat to be 
more extensively surveyed before one can confidently conclude that the species is indeed 
absent. In a study involving three widespread European species of snakes, it was 
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calculated that 12-34 manual habitat survey sessions were required before assuming that 
the site was unoccupied with 95% probability (Kery 2002). When surveying for critically 
endangered species, the cost of committing a type II error (concluding that a species is 
absent at a site when it is in fact present) is very high. Failing to detect the presence of a 
critically endangered population of animals could lead to a missed opportunity to 
implement strategies for the conservation of that species. However, repeated manual 
surveys of a single site can be both costly and logistically difficult. Automated recording 
systems offer an economic alternative to manual habitat surveys as they can acoustically 
monitor a site for days or even weeks with no manual input. Frog surveys conducted with 
automated recording systems were found to be less labour-intensive than single person 
stationary auditory surveys when a survey site was sampled for at least 7-16 days 
(Penman et al. 2005). Because they allow a habitat to be repeatedly sampled with 
relatively little effort, automated recorders are uniquely suited for studying animals that 
are rare or seldom vocalize. 
The use of spectrograms in the analysis of animal sounds 
Until approximately 1950, the study of bird song and other complex animal 
vocalizations was done almost entirely by ear or using musical notation (Marler and 
Slabbekoorn 2004). In the 1940s, the Kay Electric Company, an offshoot of Bell 
Telephone Laboratories, developed a machine that produced visualized representations of 
sounds, called spectrograms (Marler and Slabbekoorn 2004). Initially developed to aid 
the deaf in interpreting speech, a spectrogram plots sound in two dimensional space, with 
frequency plotted on the Y-axis and time plotted on the X-axis (Potter et al. 1947; 
Catchpole and Slater 1995) (Fig. 1). Spectrograms are traditionally represented in gray-
5 
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scale, with sound amplitude information being depicted as the darkness of the gray-scale 
(Kroodsma 2005). Loud sounds, with high amplitudes, appear in dark black on a 
spectrogram, while quieter sounds are represented in lighter shades of grey. Spectrograms 
were first applied to the field of avian bioacoustics by Thorpe (1954) who used them to 
examine song learning in Chaffinches (Fringilla coelebs), and have since become the 
primary tool in studying animal communication (Catchpole and Slater 1995). Since most 
sounds have unique spectrographic representations, sound spectrograms are particularly 
useful when analyzing audio recordings made in the field as sounds of interest can be 
indentified and categorized quickly, and it is possible to quantitatively measure 
differences between sound types. 
Automated sound recognition applications 
Automated sound recognition applications were initially developed to recognize 
human speech in an effort to eliminate the need for manual transcription in business and 
medical professions (Juang and Rabiner 2004). The complex nature of human speech has 
made this task difficult, and to date automated speech recognition software is unable to 
fully interpret fluent speech (Juang and Rabiner 2004). Most modern speech recognition 
systems or algorithms are based on the measurement of the time-varying properties of a 
sound's power spectrum (the distribution of amplitude across frequency) (Juang and 
Rabiner 2004). While most commonly used to identify characteristics of human speech, 
sound recognition software has also been used to identify an assortment of animal calls 
and sounds with varying degrees of success (e.g., Kogan and Margoliash 1998; Niezrecki 
et al. 2003; Chesmore and Ohya 2004; Brandes et al. 2006; Roch et al. 2006; Somervuo 
et al. 2006). Using an auto-correlation method of sound recognition, Niezrecki et al. 
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(2003) developed an automated sound recognition program that was able to correctly 
identify 96% of West Indian manatee {Trichechus manatus latirostris) vocalizations. 
Another application, programmed to identify dugong (Dugong dugong) vocalizations was 
able to identify only 36% of the total target sounds (Ichikawa et al. 2006). Generally, the 
plasticity of an animal call has an effect on its ability to be identified by automated sound 
recognition software, with non-plastic, stereotyped sounds being easier to identify than 
highly variable sounds (Kogan and Margoliash 1998). 
Automatic sound recognition software is particularly useful in studies involving 
automated recording systems, because the large datasets these units produce are arduous 
to scan manually. An application capable of accurately identifying a large number of 
different animal sounds from a multitude of species would be of great benefit to 
researchers using automated recording systems to conduct biodiversity surveys. While 
there have been several sound recognition applications developed to identify animal 
sounds (some which are quite successful at accomplishing this task), almost all of them 
are designed to identify a small number of target sound types from a few different species 
(e.g., Kogan and Margoliash 1998; Niezrecki et al. 2003; Brandes et al. 2006). 
Furthermore, many of the sounds recorded by automated recording systems are either 
faint or overlapped by other sounds, especially during periods of high vocal activity. 
Currently, few animal sound recognition applications are able to accurately identify 
sounds with a low signal-to-noise ratio or sounds that are heavily overlapped. 
7 
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Acoustic communication in woodpeckers 
Woodpeckers are a group of birds within the Order Piciformes. Numbering 
approximately 180 species worldwide, woodpeckers are found on every continent except 
Australia and Antarctica (Winkler et al. 1995). Woodpeckers communicate using a 
number of vocal and non-vocal acoustic signals. Most species have an array of vocal calls 
ranging from intimate call notes (used between pairs at the nest cavity) to loud calls, such 
as the cackle call of the Pileated Woodpecker (Dryocopus pileatus) or the rattle call of 
the Downy Woodpecker (Picoides pubescens), which factor in territory defense and the 
maintenance of contact between mates (Short 1982; Bull and Jackson 1995). Unlike song 
in oscine birds, woodpecker calls are not learned, and are therefore stereotyped with 
minimal individual variance (Kroodsma 2005). 
Almost all woodpecker species create non-vocal acoustic signals known as drums 
or tattoos. Drums are produced when a woodpecker rapidly strikes its bill against a 
substrate. Importantly, drums are communicative displays and are not associated with 
cavity excavation or feeding (Short 1974; 1982 Winkler and Short 1978; Kilham 1983; 
Stark et al. 1998). Drumming likely serves as a long distance form of communication and 
some species have been shown to select drumming substrates to maximize the amplitude 
and transmission distance of their drum (Eberhardt 1997). Although drumming is 
produced by both sexes in most woodpecker species, males of most species drum more 
frequently than females (Kilham 1983; Winkler and Christie 2002). Drumming has been 
suggested to play a role in mate attraction, territory proclamation and territory defense for 
nearly all woodpecker species, and several authors have suggested that drumming is an 
evolutionary counterpart to passerine song (Pynnonen 1939; Kilham 1959; Stark et al. 
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1998). Illustrating its use as a territorial signal, Red-headed Woodpeckers {Melanerpes 
erythrocephalus) will drum vigorously upon driving away a territory intruder (Short 
1982; Kilham 1983). Other commonly proposed functions for drumming include the 
maintenance of contact between mates, pair-bond maintenance, copulation solicitation 
and nest site selection (Kilham 1983; Winkler and Short 1978; Jackson 2002). While 
some woodpeckers will drum year-round, drumming is most frequent during the mating 
season (e.g. Ellison 1992; Shackelford et al. 2000; Tremain et al. in Press). 
Since the frequency and amplitude characteristics of a drum are largely dependent 
on the substrate that a woodpecker is drumming against, there are a limited number of 
acoustic properties that can be used to encode individual or species identification. Stark et 
al. (1998) proposed that as few as four drum parameters lend themselves to statistical 
analysis; length of the entire drum (in seconds), number of strikes per drum, interstrike 
interval (in seconds), and cadence (beats per second). This stands in contrast to vocal 
signals produced by many birds, where numerous time and frequency parameters can be 
used to distinguish between individuals (e.g., Mennill and Rogers 2006; Valderrama et al. 
2007). Perhaps because so few sound characteristics lend themselves to variation within a 
drum, the drums of different woodpecker species are not consistently species-specific or 
individually distinctive (Stark et al. 1998; Stark 2002). In reciprocal playback studies 
conducted on western North American woodpeckers, individual birds were unable to 
differentiate between intraspecific drums and the drums of an allotopic species if the 
drums of both species possessed very similar acoustic properties (Dodenhoff et al. 2001). 
The drums of woodpeckers in the genus Campephilus, the focus of my thesis, are 
particularly simplistic, often totaling just two strikes. These two-strike drums, sometimes 
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referred to as "double knocks", are produced by nine Campephilus species, and vary only 
in interstrike interval length (Winkler et al. 1995). An examination of double knocks 
from Red-necked Woodpeckers {Campephilus rubricolis) in Peru showed that individual 
birds produce drums with a range of interstrike interval lengths; while mean interstrike 
interval was significantly different between birds, the range of interstrike intervals 
produced by a single bird overlapped with other individuals in the population, suggesting 
that double knocks are not individually distinctive in this species (K. A. Swiston, 
unpublished data). Similarly, while mean double knock interstrike interval varies between 
Campephilus woodpecker species, there is some overlap between species in the full range 
of interstrike intervals produced (K. A. Swiston, unpublished data). 
The Ivory-billed Woodpecker 
The Ivory-billed Woodpecker {Campephilus principalis) is a crow-sized bird (450 
- 570 g) in the genus Campephilus (Jackson 2002; Winkler and Christie 2002). One of the 
world's largest woodpecker species, the Ivory-billed Woodpecker is primarily black, with 
white inner primary and secondary feathers which fold to create a triangular shield on the 
bird's back when it is perched (Jackson 2002). Males have a bright red crest (although the 
top of the crest is black) while females have a uniformly black crest (Jackson 2002). 
Ivory-billed Woodpeckers are socially monogamous and are presumed to form 
lifelong pair bonds (Tanner 1942, Jackson 2002). They have exceptionally long periods 
of parental care, with fledged young remaining dependent on their parents for periods up 
to and possibly exceeding a year (Tanner 1942). Ivory-billed Woodpeckers possess very 
large home-ranges, having been observed to forage over 3 km from their roost or nest 
10 
Chapter 1 - General Introduction 
cavity, and are not suspected to be territorial (Tanner 1942; Jackson 2002). The two most 
commonly documented acoustic signals of the Ivory-billed Woodpecker are the kent call 
and the double knock. The kent call is a simple, harmonic note that is said to resemble the 
sound of a toy trumpet (Tanner 1942). The double knock is a two-strike drum that is also 
performed by other species in the genus Campephilus (Jackson 2006a). Little research 
has been done on the function of either Ivory-billed Woodpecker acoustic signal. 
Ivory-billed Woodpeckers were once relatively common in mature bottomland 
forests with large quantities of standing deadwood. Preferred roost and nest cavity trees 
included pines (Pinus spp.), red maple (Acer rubrum), sugarberry (Celtis laevigata), and 
baldcypress (Taxodium distichum) (Jackson 2002). Ivory-billed Woodpeckers mainly 
foraged on dead or decaying trees from which they extracted the larvae of wood-boring 
beetles and other insects using their powerful bills (Tanner 1942; Jackson 2002). Forests 
providing suitable habitat for the Ivory-billed Woodpecker once covered much of the 
southeast of North America, and the species originally ranged as far north as Ohio and as 
far west as Texas (Tanner 1942). Ivory-billed Woodpecker populations began to drop 
dramatically in response to the systematic logging of virgin bottomland forests in the 
American South between mid-1800's and the 1940's (Tanner 1942; Jackson 2006a). 
Population decreases were further exacerbated by professional collectors, who shot many 
of the remaining birds between 1890 and 1920 (Tanner 1942; Jackson 2006a). Although 
unconfirmed sightings continued to surface periodically, the last well documented North 
American Ivory-billed Woodpecker resided in the Singer Tract of northern Louisiana 
before the forest was logged in 1944 (Jackson 2006a). A separate population of Ivory-
billed Woodpeckers persisted in Cuba until at least 1956, but recent DNA analysis 
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suggests that this population was in fact a separate species from the North American 
Ivory-billed Woodpecker (Jackson 2002; Fleischer et al. 2006). 
In May 2005, a video of an alleged Ivory-billed Woodpecker was captured along 
the Cache River in Arkansas (Fitzpatrick et al. 2005). The video depicts a large, black 
bird with extensive white patches in the back of the underwing, a field-mark that is 
diagnostic of the Ivory-billed Woodpecker (Fitzpatrick et al. 2005). The identity of this 
bird has since been disputed, with critics arguing that the poor quality of the video makes 
it impossible to determine where the white is distributed on the wing (Fitzpatrick et al. 
2006a, 2006b, 2007; Jackson 2006b; Sibley et al. 2006, 2007). A failure to reliably 
relocate an Ivory-billed Woodpecker in eastern Arkansas from 2004 to 2006 suggests that 
a permanent population of birds does not persist in that area. 
The use of bioacoustic monitoring tools in gathering evidence of the continued 
existence of Ivory-billed Woodpeckers in Florida 
Despite the controversy that eventually surrounded the Cache River 
announcement, a number of researchers and bird enthusiasts were encouraged to search 
for the Ivory-billed Woodpecker in other areas of its former range. I took part in one such 
search that was conducted along the Choctawhatchee River in the Florida Panhandle. 
This search was conducted during 2006 and 2007 after a bird matching the description of 
an Ivory-billed Woodpecker was sighted in the area on 21 May 2005, and eventually 
culminated in the largest terrestrial bioacoustic monitoring effort ever conducted in a 
single ecosystem (see Appendix 1 and Chapter 3). 
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The Choctawhachee River region is located in southeast Alabama and the Florida 
Panhandle, extending to the Gulf of Mexico (Fig. 2). This region contains large tracts of 
mature bottomland forest, often boardered by stands of pine. Bottomland forests in the 
Choctawhachee River region are largely comprised of baldcypress, tupelo (Nyssa spp.), 
and sweetgum (Liquidambar styraciflua) and are rich in standing deadwood (B. Rolek, 
pers. com.). This habitat matches historically described Ivory-billed Woodpecker habitat, 
and records can be found of Ivory-billed Woodpeckers living in nearby river systems in 
the early twentieth century (Tanner 1942). 
My thesis concerns the search for the Ivory-billed Woodpecker in Florida, 
utilizing this charismatic species as a model to examine the use of bioacoustic monitoring 
tools in gathering evidence for the presence, or absence, of a species within a particular 
habitat. Appendix 1 summarizes the evidence suggesting that Ivory-billed Woodpeckers 
persist in Florida, and includes acoustic evidence arising from 11419 hours of recordings 
that I collected and analyzed in 2006. In Chapter 2,1 analyze audio recordings collected 
by automated recording systems in two geographic locations and compare the efficiency 
of two methods for identifying target sounds within continuous audio recordings: (i) a 
manual method where the recording is scanned by a researcher using computer software 
that visualizes the recording as a sound spectrogram; (ii) an automated method where the 
recording is scanned using automated sound recognition software that has been pre-
programmed to identify specific target sounds. In Chapter 3,1 discuss the findings of a 
2007 bioacoustic search for the Ivory-billed Woodpecker in Florida that was done as a 
follow-up to the initial Florida search conducted in 2006. 
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The overall goal of my thesis was to examine the use of automated recording 
systems as tools in bioacoustic monitoring studies. In Chapter 2,1 examine two methods 
for searching through the large volumes of acoustic data that these devices generate, 
stressing the strengths and weaknesses of both methods. In Appendix 1 and Chapter 3,1 
present the results of a large-scale acoustic study where automated recording systems 
were extensively used to monitor for the presence of Ivory-billed Woodpeckers. My 
research highlights the utility of acoustic recording systems as a tool for continuously 
monitoring an ecosystem over extended periods of time. 
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Time (sec) 
Figure 1. Sound Spectrogram of a Red-necked Woodpecker double knock recorded in 
the Tambopata Reserve of southeast Peru. Sound spectrograms are displayed as 
frequency-time plots. Relative amplitude is conveyed in grey-scale with the loudest 
aspects of the sound appearing the darkest on the spectrogram. 
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Introduction 
Automated sound recording systems have been used in a number of bioacoustic 
studies across a diverse array of taxa including birds (Burt and Vehrencamp, 2005; 
Mennill et al, 2006; Tremain et al, in press), insects (Brandes et al, 2006), frogs 
(Peterson and Dorcas, 1994; Bridges and Dorcas, 2000), whales and other aquatic 
mammals (Akamatsu et al, 2001; Ichikawa et al, 2006; Wang et al, 2005), and bats 
(Duffy et al, 2000; Law et al, 2000). Recently, much research has been done comparing 
the use of automated recording systems as tools for conducting population and species 
surveys to traditional visual and acoustic survey methods (Penman et al, 2005; Rempel 
et al, 2005; Acevedo and Villanueva-Rivera, 2006; Gunzburger, 2006). Acoustic 
recording systems offer several benefits over manual surveying techniques: they allow 
for extended sampling periods, up to 24 hours a day (Peterson and Dorcas, 1994; 
Acevedo and Villanueva-Rivera, 2006); they enable a single researcher to survey several 
areas simultaneously (Peterson and Dorcas, 1994); they provide a permanent survey 
record that can be evaluated repeatedly by multiple independent sources (Bridges and 
Dorcas, 2000; Rempel et al, 2005); they can be used to accurately examine temporal and 
interspecific variation in acoustic behaviour (Peterson and Dorcas, 1994; Bridges and 
Dorcas, 2000); and they are less disruptive to the natural behaviour of the animals being 
surveyed (Bridges and Dorcas, 2000). There are, however, some drawbacks to using 
automated recordings systems. Distinguishing between conspecific individuals can be 
difficult in species that lack individually distinctive vocalizations, and automated 
recorders quickly generate massive volumes of acoustic data that can be problematic to 
both store and analyze (Rempel et al, 2005). 
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There are two methods for locating sounds of interest within continuous audio 
recordings collected by an automated recording system: (i) the recording can be scanned 
manually by a researcher using computer software that provides a visual representation of 
the recording as a sound spectrogram; (ii) the recording can be scanned automatically 
using automated sound analysis software that has been pre-programmed to identify 
specific target sounds. While spectrograms have often been used to analyze biotic and 
abiotic sounds for over 50 years (Potter et al, 1947; Thorpe, 1961), automated sound 
scanning has only been made possible more recently, through the use of sound 
recognition software. This software is most commonly used to identify characteristics of 
human speech, but has also been used to identify an assortment of animal calls and 
sounds with varying degrees of success (e.g., Kogan and Margoliash, 1998; Niezrecki et 
al, 2003; Chesmore and Ohya, 2004; Brandes et al, 2006; Roch et al, 2006; Somervuo 
et al, 2006). The application of automatic sound recognition software is particularly 
attractive in studies involving automated recording systems, as the large datasets these 
devices produce are arduous to scan through manually. 
Perhaps the highest profile use of automated sound recording systems in recent 
history has been the application of this technology for monitoring forests in Arkansas and 
Florida for the presence of the Ivory-billed Woodpecker (Campephilus principalis). 
Once a widespread resident of mature bottomland forests in southeastern North America, 
the Ivory-billed Woodpecker was believed to be driven into extinction in the latter half of 
the 20th century until an announcement of its rediscovery was made in Arkansas in 2005 
(Jackson, 2002, Fitzpatrick et al, 2005). This announcement encouraged a number of 
researchers and bird enthusiasts to search for the Ivory-billed Woodpecker in other areas 
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of its former range. The authors of the current study took part in one such search that was 
conducted along the Choctawhatchee River in the Florida Panhandle during 2006 and 
2007 after a purported Ivory-billed Woodpecker was sighted in the area on 21 May 2005 
(Hill et al, 2006). This search included one of the largest passive bioacoustic monitoring 
efforts ever conducted in a single ecosystem. Over 46 000 hours of audio recording were 
captured by automated recording systems along the Choctawhatchee River in 2006 and 
2007. To date, approximately 39 570 hours of these recordings have been manually 
scanned for putative Ivory-billed Woodpecker sounds. 
In this study, we scanned recordings collected by automated recording systems 
along the Choctawhatchee River, Florida and in Santa Rosa National Park, Costa Rica 
using two scanning methods, a traditional manual scanning method, and an automated 
scanning method using sound recognition software. We scanned these recordings for four 
different target sounds: two putative Ivory-billed Woodpecker sounds, as well as sounds 
from two more common species of woodpecker whose existence is not controversial, the 
Pale-billed Woodpecker and the Pileated Woodpecker. The Costa Rican Pale-billed 
Woodpecker was chosen as it produces a double knock drum similar to many other 
species of Campephilus Woodpeckers, including the Ivory-billed Woodpecker. For both 
methods we compared: (i) the time required to process a 24-hour sound recording, (ii) 
how accurately annotated sounds were identified, and (iii) the comprehensiveness of the 
scan. We discuss the suitability of using the automated sound scanning method as a 
replacement for manual scanning when attempting to isolate sounds of interest from very 
large recording datasets, particularly those generated by automated recordings systems. 
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Methods: 
Both manual and automated scanning methods were used to locate four different 
target sounds within 24-hour audio recordings: (i) the double knock drum of the Pale-
billed Woodpecker (Campephilus guatemalensis), (ii) the double knock drum of the 
Ivory-billed Woodpecker {Campephilus principalis), (iii) the kent call of the Ivory-billed 
Woodpecker, and (iv) the cackle call of the Pileated Woodpecker (Dryocopus pileatus) 
(Fig. 1). 
Sound Recordings: Recordings containing Pileated Woodpecker and putative 
Ivory-billed Woodpecker sounds were collected along the Choctawhatchee River in the 
Florida Panhandle (30°37'N, 85°55'W) during 2006 and 2007 as part of a larger search 
effort for the Ivory-billed Woodpecker in the region (see Hill et al, 2006). Recordings 
containing Pale-billed Woodpecker sounds were collected within Santa Rosa National 
Park, Guanacaste, Costa Rica (10°40'N, 85°30'W) during 2006. All sound recordings 
were collected using custom-made automated recording systems dubbed "listening 
stations", which collected audio data 24 hours a day. Listening stations used in Florida 
consisted of a Marantz PMD670 solid-state digital recorder connected to a Sennheiser 
ME62/K6 omni-directional microphone, and were powered by a sealed lead-acid battery. 
Sounds collected by the Florida stations were recorded onto 3 GB Hitachi Microdrive 
cards and 4GB Seagate CompactFlash Photo hard drives as MP3 files at 44.1 kHz, 16-bit, 
160 kbps. Listening stations used in Costa Rica substituted the PMD670 for a Marantz 
PMD660 solid-state recorder. Sounds captured in Costa Rica were recorded onto 3 GB 
Hitachi Microdrive cards as MP3 files at 44.1 kHz, 16-bit, 64 kbps. A more detailed 
description of the automated listening station design can be found in Hill et al. (2006). 
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All recordings were later split into hour-long segments and converted to 44.1 kHz, 16-bit 
WAV files using Adobe Auditon (Adobe, San Jose). 
Manual Scanning Method: A total of 39 570 hours of audio recording collected 
in Florida was manually scanned by a team of 21 sound analysts for putative Ivory-billed 
Woodpecker double knocks and kent calls in 2006 and 2007 using Syrinx-PC sound 
analysis software (J. Burt, Seattle, WA). Sound spectrograms viewed in Syrinx PC were 
limited to a frequency range of 0 Hz to 4000 Hz (a frequency range in which double 
knocks and kent calls are readily detectible), and had a transform size of 512. Viewing 75 
seconds of recording at a time, sound analysts visually inspected the displayed 
spectrogram for sounds resembling those of Ivory-billed Woodpecker double knocks and 
kent calls before moving onto the next recording segment. Examples of Campephilus 
woodpecker double knocks and a historical recording of Ivory-bill Woodpecker kent calls 
captured by Allen and Kellogg in 1935 were included in the sound analysis display 
screen of Syrinx as references. When a putative Ivory-billed Woodpecker sound was 
identified, the sound analyst would annotate it in Syrinx PC using the program's 
annotation tool. This procedure was repeated until the entire sound recording had been 
scanned and all sounds of interest had been annotated. All annotations made in a 
completely scanned sound file were checked by the authors who discarded any sounds 
that were poor matches for Ivory-billed Woodpecker sounds. All remaining putative 
Ivory-billed Woodpecker double knocks and kent calls were independently ranked in 
quality by a group of researchers using a process detailed in Appendix 1. 
Prior to scanning the Florida recording dataset for putative Ivory-billed 
Woodpecker sounds, the manual scanning abilities of sound analysis technicians were 
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tested using two 24-hour recordings that contained artificially inserted examples of both 
historic kent calls and Campephilus double knocks at known times. These example 
sounds were varied in loudness and signal-to-noise ratio in an effort to simulate the range 
of recording qualities found in sounds collected by automated listening stations. Only 
technicians that were able to find an average of 90% of the target sounds between both 
audio recordings were retained to scan for putative Ivory-billed Woodpecker sounds. 
A subset of 105 day-long recordings captured in Florida in 2006, totaling 2709 
hours, were scanned for Pileated Woodpecker calls and drums using the same manual 
scanning method described above. All instances of Pileated Woodpecker cackle calls 
were annotated as described in Tremain et al. (In Press). Annotations of Pileated 
Woodpecker cackle calls were reviewed by the authors for accuracy. 
A total of 665 hours of audio recording were captured in Santa Rosa National 
Park in 2006. These recordings were scanned manually for Pale-billed Woodpecker 
double knocks in October to December 2006 by novice sound analysts. The manual 
scanning of these recordings served as a training session for sound analysis technicians 
that went on to scan the 2007 Choctawhatchee River recordings for putative Ivory-bill 
Woodpecker sounds. Annotations of Pale-billed Woodpecker double knocks were 
reviewed by the authors for accuracy. 
Automated Scanning Method: All automated scanning was done using the Data 
Template Detector of XBAT (Harold Figueroa, Ithaca, NY), an open-source application 
written for MATLAB R2006a (MathWorks Inc., Natick, MA). The Data Template 
Detector searches for and identifies target sounds that match one or more preset sound 
31 
Chapter 2 - A comparison of manual and automated sound scanning methods 
templates to a specified correlation threshold. In all automated scans conducted in this 
study, the correlation threshold was set to 0.4. This level was chosen after preliminary 
scanning sessions showed that threshold values under 0.4 dramatically increased the 
number of sounds falsely identified as target sounds by the automated scanning process. 
Sounds that matched a template sound were automatically annotated by XBAT, and 
annotation lists were displayed in the event palette at the end of the automated scanning 
process. These annotation lists were manually reviewed by the authors to ensure their 
accuracy. Although it is possible to search for multiple target sounds concurrently using 
XBAT, all automated scanning sessions were programmed to search for a single sound 
type. MATLAB and the XBAT application were run in the Windows XP operating 
system, on two Dell Optiplex GX620 computers. Each computer contained a 3.0GHz 
Pentium 4 central processing unit and 512MB RAM. 
To evaluate the utility of the template sounds chosen for the automated scanning 
procedure, we conducted a preliminary analysis. For each target sound type, a number of 
non-overlapped exemplar sounds with a high signal-to-noise ratio were selected to be 
potential template sounds. Four examples of each target sound type were ultimately 
chosen to be templates based on their combined ability to identify at least 90% of the 
target sounds contained within arbitrarily chosen test recordings. These test recordings, 
created for each sound type, contained 20 target sound examples taken from both focal 
recordings of individual birds and from listening station recordings. Focal recordings 
were captured in person using a hyper-directional microphone. Because there are no 
historically recorded examples of Ivory-billed Woodpecker double knocks in existence, 
and because the double knocks of many Campephilus species are similar in structure, the 
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same template sounds used to scan for Pale-billed Woodpecker double knocks were used 
to scan for putative Ivory-billed woodpecker double knocks. For Ivory-billed kent calls, 
two historical kent calls recorded by Allen and Kellogg (1935) and two putative kent calls 
discussed in Hill et al. 2006 were used as templates. 
We automatically scanned 60 day-long recordings for each of the target sound 
types except the Pale-billed Woodpecker double knock for which only 32 day-long 
recordings were available. The 60 days of recording automatically scanned for Pileated 
Woodpecker cackle calls were randomly chosen from a total of 105 days that had been 
manually scanned for Pileated Woodpecker sounds. Because manual search efforts 
identified putative Ivory-billed double knocks and kent calls very infrequently (Hill et al. 
2006), 10 day-long recordings, each containing 4 or more putative sounds, were included 
amongst the recordings that were automatically scanned for each Ivory-billed 
Woodpecker sound type. The remaining 50 recordings were selected randomly from a 
total of 39 570 hours that had been manually scanned for Ivory-billed Woodpecker 
sounds previously. 
Comparing sound methods: Altogether, 212 day-long audio recordings were 
scanned using both the manual and automated scanning method. For all of these 
recordings three factors were compared between the two scanning methods: (i) the total 
time required to process a 24-hour sound recording; (ii) the accuracy in which annotated 
sounds were correctly identified; and (iii) the comprehensiveness of the scan with regards 
to whether or not all target sounds present in the recording were actually annotated. 
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The total time required to process a 24-hour recording was defined as the time 
taken to initially scan the recording, either manually using Syrinx PC or automatically 
using XBAT's Data Template Detector, plus the time taken for a person to review the 
annotation list generated by either scanning method. Because field recordings varied in 
length from 17.2 to 29 hours (mean recording length = 23.8 hours), all processing times 
were standardized for a recording length of 24 hours. This was accomplished by 
multiplying the actual processing time of a recording by 24 and dividing the resulting 
product by the recording's length (in hours). 
Two measures of sound identification accuracy were taken. For all recordings, the 
number of false positive identifications made by each scanning method was recorded. 
Additionally, in recordings that actually contained one or more target sounds, a scanning 
accuracy percentage was calculated as the number of correctly annotated sounds over the 
total number of annotations made for the recording. Because the persistence of Ivory-
billed Woodpeckers is controversial, some caution must be taken when identifying 
sounds as putative Ivory-billed sounds. However, in order to examine the accuracy of 
annotations marked as Ivory-billed Woodpecker kent calls or double knocks, we had to 
define which events were true target sounds and which were not. For the purpose of this 
study, we assumed that sounds matching those described for the Ivory-billed Woodpecker 
were actually Ivory-billed Woodpecker sounds. The process in which putative kent calls 
and double knocks were assessed as possible Ivory-billed Woodpecker sounds is 
described in detail in Hill et al. (2006). 
Scanning comprehensiveness was measured as the number of correctly identified 
sounds annotated by each scanning method over the total number of target sounds within 
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a recording. The total number of target sounds within a recording was defined as the 
number of target sounds identified by one scanning method plus any additional target 
sounds that were found solely by the second scanning method. Scanning 
comprehensiveness was only measured in recordings that contained at least one target 
sound. 
Statistical Analyses: All statistical analyses were conducted using SPSS 15.0 
(SPSS Inc., Chicago, IL). For each target sound, total processing time, number of false 
positives, scanning accuracy and scanning comprehensiveness were compared between 
the two scanning methods using Wilcoxon paired-comparison signed rank tests. All tests 
were conducted at the a=0.05 level. All results are reported as mean ± SD. 
Results 
Manual and automated scanning methods both proved to be viable tools for 
scanning long recordings, although the techniques varied in the length of time required to 
scan through a recording, scanning accuracy, and scanning comprehensiveness. For all 
four target sound types, the mean time required to scan and review a 24-hour sound 
recording was significantly shorter using the automated scanning method (Pale-billed 
Woodpecker double knock: Wilcoxon paired-comparison signed-ranks test Z=-4.938, 
p<0.001; Ivory-billed Woodpecker double knock: Wilcoxon paired-comparison signed-
ranks test Z=-6.736, p<0.001; Ivory-billed Woodpecker kent call: Wilcoxon paired-
comparison signed-ranks test Z=-6.352, p<0.001; Pileated Woodpecker cackle call: 
Wilcoxon paired-comparison signed-ranks test Z=-6.345, p<0.001) (Table 1). The mean 
automated scan time was significantly shorter than manual scan time for all four target 
sounds (Pale-billed Woodpecker double knock: Wilcoxon paired-comparison signed-
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ranks test Z=-4.937, p<0.001; Ivory-billed Woodpecker double knock: Wilcoxon paired-
comparison signed-ranks test Z=-6.737, pO.OOl; Ivory-billed Woodpecker kent call: 
Wilcoxon paired-comparison signed-ranks test Z=-6.737, p<0.001; Pileated Woodpecker 
cackle call: Wilcoxon paired-comparison signed-ranks test Z=-6.461, pO.OOl) (Fig. 2). 
The mean automated review time was significantly longer than the manual review time 
for all target sounds except the Pileated Woodpecker cackle call (Pale-billed Woodpecker 
double knock: Wilcoxon paired-comparison signed-ranks test Z=-3.475, p<0.001; Ivory-
billed Woodpecker double knock: Wilcoxon paired-comparison signed-ranks test Z=-
4.032, p<0.001; Ivory-billed Woodpecker kent call: Wilcoxon paired-comparison signed-
ranks test Z=-6.340, pO.OOl) (Fig. 2). 
The automated scanning method returned significantly more false positive 
identifications than the manual scanning method for all four target sounds (Table 2). 
Accuracy scores could only be calculated for scanning sessions where at least one sound 
was annotated as a target sound. In total, 32 automated scans and 23 manual scans 
annotated at least one sound as a Pale-billed Woodpecker double knock. Sounds 
identified as Ivory-billed Woodpecker double knocks were found in 57 automated scans 
and 18 manual scans. Ivory-billed kent calls were annotated in 55 automated scans and 21 
manual scans. Finally, Pileated Woodpecker cackle calls were annotated in a total of 42 
automated scans and 60 manual scans. Within recordings where one or more annotations 
were made, only 3.0±8.6% of sounds identified as Pale-billed Woodpecker double 
knocks by the automated scanning process were actually target sounds, whereas 
66.2±39.2% of sounds were correctly identified by the manual scanning process 
(Wilcoxon paired-comparison signed-ranks test Z=-3.825, p<0.001). A similar pattern 
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was also found for Ivory-billed Woodpecker double knocks (automated: 1.5±7.6% 
correct; manual: 37.6±42.9% correct; Wilcoxon paired-comparison signed-ranks test Z=-
2.821, p=0.005), Ivory-billed Woodpecker kent calls (automated: 0.4±1.0% correct; 
manual: 40.9±43.5% correct; Wilcoxon paired-comparison signed-ranks test Z=-3.180, 
p=0.001), and Pileated Woodpecker cackle calls (automated: 60.6±42.1% correct; 
manual: 100±0% correct; Wilcoxon paired-comparison signed-ranks test Z=-4.198, 
p<0.001). 
Of the day-long recordings scanned for each of the target sound types, 19 
contained one or more Pale-billed double knocks, 10 contained at least one putative 
Ivory-billed Woodpecker double knock, 14 contained putative Ivory-billed Woodpecker 
kent calls, and 60 contained Pileated Woodpecker cackle calls. For each target sound 
type, the automated scanning method was significantly less comprehensive than the 
manual method, identifying fewer of the total target sounds present within a sound 
recording (Table 3). 
Discussion 
Overall, scanning a recording for target sounds using XBAT's Data Template 
Detector was faster than scanning the same recording manually. However, the automated 
scanning method returned more false positive identifications and missed more target 
sounds than the manual scanning method. In all 212 day-long recordings that were 
processed using both sound scanning methods, the time taken to initially scan through a 
recording was much shorter using the automated method than it was when accomplished 
manually by a sound analyst (Fig. 2). Also, because the automated scanning process does 
not require manual input by the user once initiated, it is possible to process multiple 
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sound recordings simultaneously by running the Data Template detector on several 
different computers. 
The initial time taken by the Data Template detector to scan through a recording was 
influenced by the length of the template sounds being used. For example, initial 
automated scanning for both Pale-billed Woodpecker and Ivory-billed Woodpecker 
double knocks used template sounds that averaged 0.08 seconds in length and required a 
mean time of 17 minutes to complete, while automated scanning for Pileated 
Woodpecker cackle calls used template sounds that averaged 1.7 seconds in length and 
required a mean time of 40 minutes to complete. Length is an important consideration to 
make when choosing template sounds, as selecting very lengthy templates will 
dramatically increase the time required for the Data Template detector to scan and 
annotate a recording. Computer resources are likely to have an effect on the speed of the 
automated scanning process as well, but this was not tested during the present study. 
Manual scanning speeds are influenced by the experience level of the sound analyst 
and the number of target sounds present within a recording. Generally, individuals with 
little sound analysis experience are slower at scanning than those who have had several 
hours of training in sound analysis, and who are familiar with the target sounds they are 
searching for. All manually scanned recordings containing Pale-billed Woodpecker 
double knocks were done by sound analysis technicians with less than 20 hours of 
scanning experience and who had never heard a Campephilus woodpecker double knock 
in a natural setting. As a result, the time required to manually scan a 24-hour recording 
for Pale-billed Woodpecker double knocks was notably longer than the time required to 
scan a 24-hour recording for any of the other three target sound types (Fig 2). While 
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almost all of the recordings scanned in this study had no more than a few dozen target 
sounds within them, some animal species are known to call hundreds of times an hour, 
and in chorusing species there can be several individuals calling simultaneously 
(Catchpole and Slater, 1995). Because Syrinx-PC requires annotation boxes to be 
individually drawn and typed, recordings with a large number of target sounds take 
longer to manually scan than the recordings used in the present study. The time required 
to review annotation lists made by either scanning method was almost entirely dependent 
on the number of annotations made for a recording. While the automated scanning 
process required a significantly longer review time on average for 24 hours of recording, 
it also annotated significantly more sounds (most of which were falsely identified). 
For all four target sound types, XBAT's Data Template detector made more false 
positive identifications on average than manual scanning efforts (Table 2). Generally, 
more false positive identifications were made when scanning for double knocks or Ivory-
billed Woodpecker kent calls, which are acoustically simple, than when the more 
complex Pileated Woodpecker cackle call was scanned for. Sounds falsely classified by 
XBAT's Data Template detector were often easily distinguished from target sounds by 
ear. For instance, many of the sounds misclassified as Pale-billed Woodpecker double 
knocks in recordings from Costa Rica, were actually the call of the Blue-crowned 
Motmot (Momotus momotd), a sound which also has two amplitude peaks but bears little 
resemblance to a double knock when heard by ear. Certain elements within longer, more 
complex sounds were also a common source of misclassified sounds. Elements within 
Barred Owl (Strix varia) vocalizations were frequently misclassified as both Ivory-billed 
Woodpecker double knocks and Ivory-billed Woodpecker kent calls in recordings 
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captured in Florida. A third category of sounds commonly misclassified as either 
Campephilus double knocks or Ivory-billed Woodpecker kent calls were from abiotic 
sources such as wind, rain, or microphone static. In instances where the Pileated 
Woodpecker cackle call was falsely identified the source sound was always the call of the 
Bird-voiced Treefrog (Hyla avivoca), a sound which shares a similar length, frequency 
range and structure to the cackle call, but is easily distinguishable by ear. 
Many of the common misclassification errors made by XBAT's Data Template 
detector can be easily avoided by human sound analysts who are able to better 
discriminate between similar sounds and are able to consider the context in which a 
sound occurs. It is likely that more time could have been spent developing a set of sound 
templates that were better able to discriminate between target sounds and other sounds 
that are commonly misclassified as target sounds, but this would first require a pilot study 
to identify which sounds are most commonly misclassified. Furthermore, this specialized 
sound template set would likely be applicable only to a specific ecosystem, as varying 
species compositions would lead to different sources of misclassification. For example, 
while the same sound templates were used to scan for Pale-billed double knocks in Costa 
Rica and Ivory-billed double knocks in Florida, the sounds most commonly misidentified 
as double knocks in each region was different (Blue-crowned Motmot in Costa Rica 
versus the Barred Owl in Florida). The number of false positives returned by XBAT's 
Data Template detector was also dependent on the correlation threshold value. A high 
correlation threshold value will decrease the number of false positive annotations made, 
but will make it more likely that individual target sounds will fail to meet the correlation 
threshold required for annotation. 
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The automated scanning method missed significantly more target sounds within a 
recording on average than manual scanning efforts for all four target sound types. Most 
of the sounds missed by XBAT were either faint, having a low signal-to-noise ratio, or 
were overlapped by other sounds. Faint and masked sounds are prevalent in recordings 
captured by automated recording units, such the ones used in this study, because they 
utilize stationary omni-directional microphones. Human sound analysts are better able to 
discriminate between signals of interest and background noise, making them less likely to 
miss faint or overlapped sounds and more comprehensive in identifying target sounds 
within a recording. As mentioned above, it is possible to get the Data Template detector 
in XBAT to identify more target sounds, including some faint sounds, by setting a lower 
correlation threshold. However, this leads to a drastic increase in false positive 
identifications and thereby a dramatic increase in time to review the annotated sounds. 
While deciding on a correlation threshold to use in this study, five Costa Rican 
recordings were scanned for Pale-billed Woodpecker double knocks using the Data 
Template detector with a correlation threshold of 0.3. In all five recordings, the number 
of sounds annotated was between 5 000 and 45 000, much higher than the highest number 
of annotations made for any of the recordings scanned with a correlation threshold of 0.4 
(max number annotations = 947). When annotations number in the thousands or tens of 
thousands, the time required to review the results of an automated scanning session is 
longer than the time required to scan and review the same file manually, eliminating any 
benefit of using the automated method. 
In general, XBAT's Data Template detector offers a fast and economic alternative to 
traditional manual scanning efforts, at the cost of scanning comprehensiveness. Only the 
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initiation of the Data Template detector and the review of annotated sound files generated 
at the end of a scanning session require manual input when using the automated scanning 
method. This means that the amount of human labour required to automatically scan 
through large recording datasets is much less than is required in the manual scanning 
effort. Discounting the time taken to create sound templates, load sound files, and initiate 
the Data Template detector for each recording, the total amount of labour required to 
automatically scan 60 day-long recordings (totaling a combined 1468 hours in length) for 
Pileated Woodpecker cackle calls was approximately 2.5 hours. The total amount of 
labour required to manually scan the same recording data set was approximately 69.2 
hours. However, the automated scanning effort was much less comprehensive, failing to 
annotate a single cackle call in 30% of the recordings containing at least one target sound. 
While manual scanning is much more labour intensive, trained sound analysts are able to 
obtain nearly 100% scanning comprehensiveness, misclassifying very few sounds in the 
process. In studies where an accurate account of daily or seasonal patterns in call 
frequency is pertinent, or in studies involving animals with low vocalization rates, 
traditional manual scanning efforts are the best option at present despite being more 
costly. 
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Table 1: Time required to process (scan and review) a 24-hour sound file for one of four 
target sounds using either an automated or manual scanning method. Times reported in 
minutes as mean±SD. 
Target Sound Type Automated Manual Z? I 
Pale-billed Woodpecker double knock 
Ivory-billed Woodpecker double knock 
Ivory-billed Woodpecker kent call 

















aWilcoxon paired-comparison signed-rank test (a=0.05) 
48 
Chapter 2 - A comparison of manual and automated sound scanning methods 
Table 2: Mean number of false positive identifications (per sound file) made by both 
scanning methods while searching for one of four target sound types. Values reported as 
mean±SD. 
Target Sound Type Automated Manual 
Pale-billed Woodpecker double knock 
Ivory-billed Woodpecker double knock 
Ivory-billed Woodpecker kent call 

















"Wilcoxon paired-comparison signed-rank test (a =0.05) 
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Table 3: Mean scanning comprehensiveness of both scanning methods for four target 
sound types. For each scanning method, comprehensiveness was measured as the number 
of target sounds annotated over the total number of target sounds present within a 
recording. Values reported as mean±SD. 
Target Sound Type Automated Manual 
Pale-billed Woodpecker double knock 
Ivory-billed Woodpecker double knock 
Ivory-billed Woodpecker kent call 

















aWilcoxon paired-comparison signed-rank test (a =0.05) 
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Figure 1: Sound spectrograms of the target sounds that were searched for within 
continuous audio recordings captured by automated recorders in Florida and Costa Rica: 
(a) Pale-billed Woodpecker double knock; (b) Ivory-billed Woodpecker kent calls 
(recorded by Allen and Kellogg, 1935); (c) Pileated Woodpecker cackle call. Note: In the 
absence of any confirmed recordings of the Ivory-billed Woodpecker double knock, Pale-
billed Woodpecker double knocks recorded in Costa Rica were used as template sounds 
to search for Ivory-billed Woodpecker double knocks in Florida recordings. 
51 
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Figure 2: Mean time required to scan (light grey) and review (dark grey) a 24-hour 
recording for one of four target sounds: (a) Pale-billed Woodpecker double knock; (b) 
Ivory-billed Woodpecker double knock; (c) Ivory-billed Woodpecker kent call; and (d) 
Pileated Woodpecker cackle call. 
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Introduction 
Once widespread in mature bottomland forests throughout southeastern North 
America, the Ivory-billed Woodpecker {Campephilus principalis) was devastated by 
extensive deforestation throughout its range in the 19th and early 20th century (Jackson 
2002,2006a). When it was evident that Ivory-billed Woodpeckers were increasing in 
scarcity, professional hunters shot and collected many of the remaining birds (Tanner 
1942, Jackson 2002, 2006a). The last well-documented Ivory-billed Woodpecker lived in 
the Singer Tract in northeast Louisiana before the last of that virgin forest was logged in 
1944 (Jackson 2002, 2006a). Over the last 60 years, a few sight records in the continental 
United States have suggested the presence of Ivory-billed Woodpeckers, particularly in 
Louisiana (Gallagher 2005), but most bird authorities concurred that the Ivory-billed 
Woodpecker was likely extinct by the latter part of the 20th century (American 
Ornithologists' Union 1983). 
The largest new-world woodpecker north of Mexico, the Ivory-billed 
Woodpecker shares many superficial similarities to the more common Pileated 
Woodpecker {Dryocopus pileatus) which is sympatric throughout its range (Bull and 
Jackson 1995; Jackson 2002). Campephilus and Dryocopus woodpeckers were once 
believed to be sister taxa due to morphological similarities, but have recently been shown 
to be only distantly related (Benz et al. 2006). Because both birds are similar in size and 
plumage coloration, Pileated Woodpecker sightings are often reported as Ivory-billed 
Woodpeckers, diluting and confusing the few genuine Ivory-billed Woodpecker sightings 
that may have occurred since 1944. While similar in appearance, the acoustic signals of 
the Ivory-billed Woodpecker are markedly different than those of the Pileated 
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Woodpecker. Ivory-billed Woodpeckers produce a two-strike drum referred to as a 
"double knock" (Tanner 1942). This double knock drum is diagnostic of many species in 
the genus Campephilus, whose other members are found throughout Central and South 
America (Jackson 2006a). The most commonly described vocalization of the Ivory-billed 
Woodpecker is the kent call, a short note that is said to resemble a tin trumpet in character 
(Allen and Kellogg 1937; Tanner 1942). Ivory-billed Woodpeckers have been 
documented to produce other vocalizations, including alarm calls and a variety of low 
conversational notes, but these vocalizations were often mentioned briefly in historical 
literature and are not well understood (Allen and Kellogg 1937; Jackson 2002). 
After a purported Ivory-billed Woodpecker was detected in the area on 21 May 
2005, a search for Ivory-billed Woodpeckers in the Florida Panhandle was conducted on 
a 500 ha plot of mature swamp forest along the Choctawhatchee River from December 
2005 to May 2006. Part of this search effort included the deployment of seven automated 
listening stations which collected audio recordings 24 hours a day throughout the study 
area (see Hill et al. 2006 for details). A total of 210 putative kent calls and 99 putative 
double knocks were isolated from 11419 hours of audio recording collected during the 
study period (Hill et al. 2006). These acoustic data comprised one of four lines of 
evidence suggesting that Ivory-billed Woodpeckers continued to exist along the 
Choctawhatchee River in Florida (Hill et al. 2006). 
Here we report the bioacoustic findings of a follow-up search effort that was 
conducted in three separate areas of the Choctawhatchee River Basin from December 
2006 to June 2007. This search effort was far more extensive than our search in 2005-
2006. The goal of the 2007 bioacoustic search was to document whether or not Ivory-
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billed Woodpeckers were present in this ecosystem, using an array of sixteen automated 
sound recording systems. 
Methods 
Sound Recordings 
From 5 January 2007 to 22 May 2007, we erected and maintained a total of 16 
automated listening stations in three distinct areas of the Choctawhatchee River basin: 
Bruce Creek, Old Creek, and Dead River. These three areas were each separated by a 
distance of approximately 15 km. The Bruce Creek site (30°37TST, 85°55'W), where 3 
listening stations were placed between January 7 and March 23, was the location of our 
2006 search for the Ivory-billed Woodpecker. The Old Creek site (30°42'N, 85°51'W), 
where 13 listening stations were placed between January 5 and May 22, was centered 
around an area where three Ivory-billed Woodpecker sightings were made in May 2006. 
The Dead River site (30°32rN, 85°55'W), where 4 listening stations were placed between 
March 26 and April 8, was the location where a member of our search team reported 
hearing sounds that resembled double knocks in March 2007. All automated listening 
stations were spaced at least 500m apart from adjacent stations. Each listening station 
consisted of a Sennheiser ME-62 omni-directional microphone with a K6 power module 
and a Marantz PMD-670 solid-state digital recorder powered by a sealed lead-acid 
battery. Microphones were housed in rain guards made of polyvinyl chloride (PVC) 
tubing and attached to the top of 3 m wooden stakes using 30 cm shelf brackets. Stakes 
were attached to small trees so that sound was recorded from all directions. All 
components were camouflaged with spray paint (Fig. 1). To facilitate 24-hour recordings, 
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sounds were recorded as MP3 files at 44.1 kHz, 16 bit, 160 kbps onto Hitachi 3 GB 
microdrive cards and Seagate 4GB CompactFlash, media. Memory cards and batteries 
were changed daily. 
Field recordings were transferred daily from our field house in DeFuniak Springs, 
FL to the Mennill Sound Analysis Lab at the University of Windsor (Windsor, ON, 
Canada) via FTP through a cable modem. Due to slow internet connectivity in rural 
Florida, we were unable to transfer all sixteen 24-hour audio recordings (approximately 
25GB of data) in a single day, so that only some of the recordings were transferred on a 
daily basis. The remaining files were sent via FTP through a high-speed internet 
connection from Auburn University (Auburn, AL) every two weeks. Consequently, 
approximately half of our recordings were scanned within 24 hours of the recording 
being completed, whereas the other half of our recordings was scanned with a delay of 2 
days to 6 months. 
Once transferred to the Mennill Sound Analysis Lab at the University of Windsor, 
field recordings were split into consecutive 60 minute recordings and converted to AIF or 
WAV format using Adobe Audition (Adobe, San Jose, California). Files were scanned 
minute-by-minute using Syrinx PC sound analysis software (J. Burt, Seattle, Washington) 
which allows users to visualize recordings as sound spectrograms. A team of seventeen 
undergraduate students from the University of Windsor were trained to scan sounds 
between October and December 2006, using recordings of Pale-billed Woodpeckers 
collected from listening stations in Santa Rosa National Park, Costa Rica. When this team 
encountered a sound matching historical recordings and descriptions of the Ivory-billed 
Woodpecker double knock or kent call in the recordings from Florida, they made an 
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annotation of the sound within the recording, allowing us to determine precisely when it 
was produced. When a putative Ivory-billed Woodpecker sound was discovered, 
information regarding the time and location of the detection was relayed to our field team 
in an attempt to direct our manual search efforts to areas which had recently been visited 
by Ivory-billed Woodpeckers. 
While many species of animal are known to produce kent-like sounds, members 
of our sound analysis team were able to distinguish between these kent-like sounds and 
putative Ivory-billed Woodpecker kent calls based on acoustic differences between the 
sounds or on the context in which the sounds were found. Sounds that resemble Ivory-
billed Woodpecker kent calls are produced by Red-breasted Nuthatches (Sitta 
canadensis), White-breasted Nuthatches (Sitta carolinensis), gray squirrels (Sciurus 
carolinensis), and Blue Jays (Cyanocitta cristata) (Jackson 2002, Tanner 1942), and may 
also be produced by Great Blue Herons (Ardea herodias) (R. Charif, pers. comm.) (Fig. 
2). While neither species of nuthatch was detected at either of our field sites at any point 
in the study by an extensive team of skilled birdwatchers, gray squirrels, Blue Jays, and 
Great Blue Herons were numerous throughout some parts of our study area. Kent-like 
calls from both Great Blue Herons and Blue Jays could be distinguished aurally from 
putative ivory-billed kent calls and were always associated with diagnostic calls from 
either species. Great Blue Herons, in particular, were almost always detected just before 
dawn, or just after dusk as they left or returned to their roosts. Gray squirrels produce a 
chuck call with a harmonic structure similar to the Ivory-billed Woodpecker's kent call. 
This call is repeated at regular intervals of about 10 seconds in bouts that last upwards of 
10 minutes. Chuck calls could usually be distinguished on the basis of a drawn-out squeal 
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that follows the chuck. Although chuck calls that lack a trailing squeal are occasionally 
found, these calls can be correctly identified by examining them within the context of 
preceding and proceeding chuck calls that do contain a squeal. Every effort was made to 
ensure that the putative hent calls presented here did not come from a known animal 
source. 
All putative kent calls and double knocks that were annotated by our sound 
analysis team were ranked on a 5-point scale by three independent groups of researchers 
within our search team (see Table 1 for explanation of ranking scale). Here, we report all 
putative Ivory-billed Woodpecker kent calls and double knocks that received an average 
score of 3 or higher by the three independent ranking groups. 
We measured the fundamental frequency and first two harmonics of each putative 
kent call using the frequency analysis window of Audition. Total length of each kent call 
was also measured in Audition using the time cursors (resolution 0.001 s). We measured 
the interstrike interval (start time of the first knock to the start time of the second knock) 
of all double knocks using the time cursors of Syrinx PC (resolution 0.001 s). Relative 
amplitude of each knock was measured using the Maximum RMS Power feature of 
Audition (background noise below 400 Hz was filtered as necessary using the FFT filter 
function of Audition). All means are reported as ±SE 
Manual Search Effort 
Our bioacoustic survey ran concurrently with a manual search coordinated by Dr. 
Geoffrey Hill of Auburn University. Manual search teams, equipped with video and still 
cameras, spread throughout the study site each day in an attempt to document Ivory-
59 
Chapter 3 - Further acoustic evidence for the Ivory-billed Woodpecker in Florida 
billed Woodpeckers within the Choctawhatchee River Basin. These observers also 
participated in transects to document all nest and roost cavities in the area. Search team 
members were deployed individually, but maintained radio contact with fellow searchers 
Searchers spent the first two or three hours of light each morning observing an open 
flyway such as the Choctawhatchee River channel, an oxbow, or a creek channel from a 
concealed location. After these stationary watches, searchers typically moved around 
their assigned search area on foot or in kayaks. Crew members conducted cavity surveys 
after morning watches in addition to looking and listening for Ivory-billed Woodpeckers. 
On five occasions, crew members simulated double knocks by beating two sticks against 
a hollow, wooden box. These simulations were carefully documented, with the timing of 
each double knock being recorded within a second of accuracy. When field coordinators 
received information about a possible Ivory-billed Woodpecker detection in a particular 
location, more manual searchers were moved into that area in subsequent days. Detailed 
methodology of all non-bioacoustic components of the search will be provided in Hill et 
al. (in preparation). 
Results 
Sound Recordings 
Sixteen automated listening stations placed approximately 500 m apart in three 
separate study areas collected 34 614 h of audio recordings between 5 January 2007 and 
22 May 2007. From 28 114 h of scanned recordings, we have isolated 58 putative double 
knocks and 94 putative kent calls (Table 2). These recordings match the historical 
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descriptions of Ivory-billed Woodpecker acoustic signals, as well as the putative Ivory-
billed Woodpecker sounds collected from the Choctawhatchee River in 2006 (Figure 1). 
The fundamental frequency and the first two harmonics of the putative kent calls 
recorded along the Choctawhatchee River in 2007 were 840±93.2 Hz (n - 75), 1679±182 
Hz (n = 66), and 2385±164 Hz (n = 71). Because many of the calls were faint, it was not 
possible to get all three frequency measurements for every call. Putative kent calls 
recorded in 2007 were similar to those recorded in 2006 where the fundamental 
frequency and first two harmonics were 748±102 Hz (n = 161), 1443±220 Hz (n = 184), 
and 2144±334 Hz (n = 172) respectively. The historic kent calls recorded at an Ivory-
billed nest cavity by Allen and Kellogg in 1935 were lower in frequency than those found 
in Florida (F0= 632±24 Hz; Fi = 1264±50 Hz; and F2= 1891±68 Hz; n=34). Average 
length of the putative kent calls recorded in 2007 was 0.12±0.04 sec (n = 94). This is 
shorter than the average length of putative kent calls recorded in Florida during 2006 
(0.21±0.08 sec, n - 210) and comparable to the length of historic calls recorded at the 
nest by Allen and Kellogg in Louisiana (0.11±0.01 sec, n = 31). 
Of the 94 putative kent calls that we isolated, 69 were recorded as single sounds. 
The remaining 25 were recorded in 11 bouts of two to three kent calls each (kents per 
bout = 2.27±0.17). We considered consecutive kent calls to be part of a bout when they 
occurred within two minutes of each other. There were 17 days in which two or more 
putative kent calls were recorded on automated listening stations, accounting for 79 of the 
94 putative kent calls. On 03 March 2007, 30 putative kent calls were recorded from a 
single location over a 9 hour period. Kent calls were recorded from more than one 
listening station on 10 of the 17 days where more than one call was detected. Kent calls 
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were recorded at all times of the day, from 05:47 to 19:26, but were most common in the 
afternoon with 48 of 94 putative kent calls occurring between 13:00 and 17:00. 
While no historical recordings of the Ivory-billed woodpecker double knock 
exists today, Tanner (1942) describes the drum as a "hard, double rap, BAM-bam, the 
second note sounding like an immediate echo of the first." Our putative double knocks 
from the Choctawhatchee River in both 2006 and 2007 are consistent with this 
description. The average delay from the start of the first knock to the start of the second 
knock for the double knocks recorded in 2007 was 0.100±0.003 seconds (n = 58), 
compared to 0.115±0.003 seconds (n = 99) for double knocks recorded in 2006. In 60.3% 
of our putative double knocks for 2007, the first knock was louder than the second, 
matching Tanner's description (Jackson 2002). A louder first knock may be a common 
double-knock pattern among Campephilus woodpeckers (Jackson 2002), but amplitude of 
Campephilus double knocks has not been investigated systematically. In 428 double 
knocks of the Red-necked Woodpecker {Campephilus rubricolis) taken from recordings 
made in Peru, the first knock was louder than the second approximately 90% of the time 
(K.A.S., Unpublished data). However, individual birds can produce double knocks with 
both loud/soft patterns and soft/loud patterns (K.A.S., Unpublished data). 
Of the 58 putative double knocks that we detected from the 2007 recordings, 49 
were isolated sounds occurring independently of other double knocks. The remaining 
nine double knocks were recorded in four bouts of two to three double knocks each. We 
considered consecutive double knocks to be part of a bout when they occurred within two 
minutes of each other. There were 12 days in which two or more double knocks were 
recorded on automated listening stations, accounting for 32 of 58 putative double knocks. 
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On 7 of these 12 days, double knocks were recorded from more than one listening station. 
Double knocks were recorded at all times of the day, from 06:45 to 18:36, but were most 
common in the afternoon, with 29 of 58 putative double knocks occurring between 13:00 
and 16:00. We did not find any evidence of double knocks being produced by more than 
one individual in the same time frame during the 2007 search. 
Double Knocks were simulated by our search crew on 5 days during the 2007 
search season. These simulations were always carefully documented, with the time of 
each simulated double knock recorded within a second of accuracy. No responses to the 
simulated double knocks were ever detected by our automated listening stations, and 
simulated double knocks were not included in our number of total putative double 
knocks. Kent calls were never simulated or played by researchers in our study site. We 
are confident that the sounds that we recorded were not made by a human attempting to 
mimic an Ivory-billed Woodpecker. 
On 8 days, we recorded both putative double knocks and putative kent calls at a 
single listening station or at adjacent listening stations separated by approximately 500m. 
January 5:10 kent calls and 1 double knock; February 12: 1 kent call and 1 double knock; 
February 19: 1 kent call and 1 double knock; March 5: 1 kent call and 1 double knock; 
March 6: 1 kent call and 1 double knock; March 21:1 kent call and 1 double knock; 
March 30: 2 kent calls and 1 double knock; May 3: 2 kent calls and 1 double knock. 
Overall, acoustic detection rates for both putative kent calls and double knocks 
were much lower in the winter/spring of 2006/2007 than they had been in the 
winter/spring of 2005/2006 (Table 3). Acoustic detections by both automated listening 
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stations and members of our search team were not uniform throughout our study sites, 
with the majority of detections clustered around a few station locations (Fig. 3a, b). 
Human Acoustic Detections 
Sounds matching the distinctive kent call and double knock of the Ivory-billed 
Woodpecker were heard by members of our research team on 47 occasions between 
December 2006 and June 2007 (Table 4). There were 7 instances where putative Ivory-
billed Woodpecker sounds were detected independently by two or more researchers 
during the same day (24 December 2006, 25 December 2006, 30 December 2006, 4 
January 2007, 8 February 2007, 25 March 2007, 13 April 2007), and on two days 
researchers detected sounds matching both the double knock and kent call of the Ivory-
billed Woodpecker (24 December 2006, 25 March 2007). Putative double knocks and/or 
kent calls were detected on 3 of the 6 dates where members of our research team had 
reported sighting a bird that matched the characteristic physical appearance and 
behaviour of an Ivory-billed Woodpecker. In 2 of the remaining 3 dates where possible 
Ivory-billed Woodpecker sightings took place, putative double knocks or kent calls were 
detected in the same vicinity during the previous day or the day after. 
Discussion 
Acoustic evidence gathered along the Choctawhatchee River in the Florida Panhandle 
from January to June 2007 suggests that at least one Ivory-billed Woodpecker may still 
persist in the area. This evidence included 94 putative kent calls and 58 putative double 
knocks collected by automated listening stations, as well as 47 in person acoustic 
detections. The results of the concurrent manual search (Hill et al. in preparation) yielded 
independent evidence for the persistence of Ivory-billed Woodpeckers in the area, 
64 
Chapter 3 - Further acoustic evidence for the Ivory-billed Woodpecker in Florida 
including six sightings of birds with field marks matching those of Ivory-billed 
Woodpeckers. However, both the bioacoustic evidence presented here, and the 
encounters reported by Hill et al. (in preparation), must be treated with caution because a 
clear photograph of an Ivory-billed Woodpecker or DNA evidence of an Ivory-billed 
Woodpecker has yet to be obtained. 
Despite a much larger search team, and a nearly three-fold increase in the number of 
automated recording hours scanned, far fewer putative kent calls and double knocks were 
obtained in 2007 when compared to 2006 (Table 4). The decrease in the number of 
putative kent calls recorded in 2007 is largely due to a decrease in the number of days on 
which multiple putative kent calls were recorded when compared to 2006. In total, 
putative kents were recorded on 30 days in 2007 and 27 days in 2006. Multiple kents 
were recorded on 17 days in 2007, with three of those days having five or more putative 
kent calls. In 2006, multiple putative kents were recorded on 20 days, of which 13 days 
contained five or more putative kent calls. This pattern was also present for putative 
double knocks between years. While putative double knocks were recorded on 38 
separate days in 2007, only 13 days contained multiple double knocks and only one day 
contained five or more putative double knocks. Of the 39 days where double knocks were 
recorded in 2006, 17 days contained multiple putative double knocks and 6 days 
contained five or more double knocks. If Ivory-billed Woodpeckers are the source of the 
acoustic data collected in this study, then the woodpeckers were frequenting our study 
area less in 2007 than in 2006, assuming that seasonal acoustic activity is relatively stable 
from year to year. Ivory-billed Woodpeckers have been noted to frequently feed near 
their nest site during cavity excavation and incubation (Tanner 1942). In a week-long 
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observation of an incubating pair of Ivory-bills, Allen and Kellogg (1937) remarked that 
the bird off of the nest could be frequently heard calling nearby. None of our listening 
stations recorded Ivory-billed Woodpeckers regularily enough to suggest that they were 
nesting within close proximity. 
In addition to a decrease in the number of putative Ivory-billed Woodpecker 
sounds recorded in 2007, there was also a temporal shift in the time of day that each call 
was being most commonly recorded at. In 2006, putative kent calls were recorded from 
07:04 to 17:47, with over half of the calls occurring between 07:30 and 11:30. In 2007, 
putative kent calls were recorded over a similar time span (05:47 to 19:26), but were 
more frequent in the afternoon, with over half of the calls occurring between 13:00 and 
17:00. Only 23% of the putative kent calls recorded in 2007 occurred between 07:30 and 
11:30. Putative double knocks were recorded from 05:42 to 17:20 in 2006, with over half 
the calls occurring between 06:00 and 10:00. In 2007, only 24% of the putative double 
knocks occurred in the 06:00 to 10:00 timeframe, with the sounds again occurring most 
often in the afternoon between 13:00 and 17:00. The diel patterning of our acoustic 
evidence again suggests that our 2007 study area was not as close to an active roost or 
nest site as our study area was in 2006, if Ivory-billed Woodpeckers were the source of 
the acoustic data in both years. Like songbirds, most woodpecker species have a 
heightened period of acoustic activity in the morning (Catchpole and Slater 1995; Staicer 
1996), followed by sporadic calling and drumming throughout the rest of the day. 
Observations of Pale-billed Woodpeckers (Campephilus guatemalensis) in Costa Rica 
show that the birds begin drumming shortly after leaving their roost cavity, often on the 
same tree their cavity is located in (D. Mennill, unpublished data). Tanner (1942) noted 
66 
Chapter 3 - Further acoustic evidence for the Ivory-billed Woodpecker in Florida 
that Ivory-billed Woodpeckers within the Louisiana Singer Tract would call and peck at 
the top of their roost tree shortly after emerging in the morning, and would remain 
vocally active until about 10:00. Listening stations placed within detectable range of a 
roost or nest site would be expected to detect more Ivory-billed Woodpecker sounds in 
the morning when the birds are most acoustically active. While this diel patterning can be 
seen in the putative Ivory-billed Woodpecker sounds collected in our 2006 search, 
relatively few of the putative kent calls and double knocks collected in 2007 occurred in 
the morning hours. 
If Ivory-billed Woodpeckers do exist along the Choctawhatchee River, both the 
quantity and timing of our acoustic data in 2007 suggests that no birds were roosting or 
nesting within our study area. Additionally, it is unlikely that such a large manual search 
team would fail to locate a bird nesting or roosting on our study site after several 
thousand hours of observation (Hill et al., in prep.). Any existing population of Ivory-
billed Woodpeckers in the Florida Panhandle probably persists at a very low density 
given our infrequent rate of encounter. Ivory-billed Woodpeckers also have large home 
ranges, reported by Tanner (1942) to be approximately 15 km2 within the Singer Tract. If 
Florida home ranges are similar, Ivory-billed Woodpeckers living in low densities would 
be picked up infrequently even by automated listening stations within their home range, 
as each station can only acoustically monitor an area of 0.25 km2 (D. Mennill, 
unpublished data). The 16 listening stations that ran from January to June 2007 
acoustically monitored only a small portion of the Choctawhachee River Basin. If Ivory-
billed Woodpeckers persist in the region, they must have a roost, and possibly a nest site 
outside of our monitored area. 
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If the sounds recorded by automated listening stations and detected in life by 
members of our search crew are not those of the Ivory-billed Woodpecker, than an 
alternative explanation for both the putative kent calls and putative double knocks 
presented here still needs to be uncovered. Both this study and the study documented in 
Hill et al. 2006 provide some insights towards identifying the true source of these 
putative Ivory-billed Woodpecker sounds. None of the putative Ivory-billed Woodpecker 
sounds were detected at night, either by human sound analysts, or by an automated sound 
recognition program that was used to scan a subset of recordings from both years (see 
Chapter 2). This pattern suggests that animal sources for both sound types would have to 
be diurnal. It also suggests that neither sound was produced by abiotic sources such as 
friction between tree branches, as these processes would be expected to occur at all hours 
of the day. Furthermore, neither the putative kent calls nor the putative double knocks 
were strongly associated with windy recordings. Automated listening stations did not 
record putative kent calls or double knocks with equal frequency, and the majority of 
acoustic data from both years came from just a few locations. This suggests that habitat 
generalists equally abundant in all areas of our study site are not good candidates for the 
source of our putative Ivory-billed Woodpecker sounds. Putative Ivory-billed 
Woodpecker sounds were associated with the in-life sighting of a bird matching the 
description of an Ivory-bill on two occasions during 2007. Despite thousands of hours of 
observation by experienced naturalists, no other animal was observed making either 
double knock or kent-Vke sounds on our study-site. With no likely alternative sources 
known for either the putative kent calls or double knocks presented in this study, the 
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Ivory-billed Woodpecker remains the most parsimonious explanation for the occurrence 
and patterning of these sounds. 
Ultimately, we were unable to obtain more conclusive evidence for the existence 
of the Ivory-billed Woodpecker in Florida compared to the evidence collected in 2006. 
Despite increasing the number of automated listening stations from 7 to 16, and 
decreasing the delay in sound processing time to as little as 48 hours, we were not 
successful in guiding a manual search team to the nest or roost cavity of an Ivory-billed 
Woodpecker using data collected by automated recorders. If Ivory-billed Woodpeckers 
do exist along the Choctawhatchee River system, than the paucity of acoustic detections 
made in person and by automated listening stations during the five-month 2007 search 
season suggests that they were roosting in an area outside our study site. This study also 
shows that a larger acoustic search effort will not necessarily lead to more abundant 
sound evidence. If a third acoustic search for the Ivory-billed Woodpecker is conducted 
in 2008, it needs to be more informed. In both 2006 and 2007, automated listening 
stations were erected in areas where Ivory-billed Woodpeckers had possibly been sighted 
by our manual search team. The majority of acoustic evidence collected in both years 
came from just a few of these stations. Habitat measurements are currently being 
quantified for the individual listening station sites used in both search seasons. These data 
will highlight any habitat patterns present between the listening station locations where 
putative Ivory-billed Woodpecker sounds have been recorded thus far. Ideally, this will 
allow us or other researchers to place automated audio recorders in areas where they are 
most likely to collect putative Ivory-billed Woodpecker sounds based on quantitative 
habitat characteristics rather than chance visual sightings. Based on the results of both 
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search seasons, a few well placed listening stations could provide more abundant acoustic 
data than a large number or randomly placed stations. 
While the automated listening stations used in this study were erected with the 
goal of gathering evidence for the existence of the Ivory-billed Woodpecker in the 
Florida Panhandle, they also recorded the acoustic behaviour of all vociferous species 
present in our study area. In the process of our search for the Ivory-billed Woodpecker, 
we have collected the largest audio dataset ever taken from a single terrestrial ecosystem, 
totaling over 46 000 hours. These audio data have already been used to examine seasonal 
patterns in the acoustic behaviour of the Pileated Woodpecker (Dryocopus pileatus) 
(Tremain et al. In Press), and are currently being used in a number of acoustic behaviour 
studies on bottomland forest species found within our study site. This study highlights 
perhaps the largest benefit of using automated recording systems in bioacoustic 
monitoring efforts. In addition to monitoring the area for the presence of the Ivory-billed 
Woodpecker, the acoustic analysis of the recordings collected by automated listening 
stations along the Choctawhatchee River will allow for new insight into the biology of 
many other species residing within this poorly understood ecosystem. 
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Table 1. The ranking system used to rate putative double knocks and kent calls. 
Score Scoring Description Quality 
1 Lowest "'Sound is of very poor recording quality and does not warrant a higher 
ranking" OR "Sound is only superficially similar to that of an Ivory-
billed Woodpecker and an alternative explanation is most likely" 
2 Low "Sound is not of high enough recording quality to warrant a higher 
ranking" OR "Sound is somewhat similar to that of an Ivory-billed 
Woodpecker but alternative explanations are also likely" 
3 Medium "Sound is of moderate recording quality but is not clear enough to 
warrant a higher ranking" OR "Sound matches that of an Ivory-billed 
Woodpecker but alternate explanations are possible" 
4 Good "Sound is of reasonably good recording quality and matches that of an 
Ivory-billed Woodpecker with no obvious alternative" 
5 Excellent "Sound is of excellent recording quality and matches that of an Ivory-
billed Woodpecker with no obvious alternative" 
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Table 2. List of putative Ivory-billed Woodpecker kent calls and double knocks recorded near the 
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Table 3. Comparison of recorded detections of putative double knocks and putative kent calls 
during the 2006 and 2007 Choctawhatchee River Ivory-billed Woodpecker searches. 
Variable 
Number of listening stations 
Number of hours recorded 
Number of hours scanned 
Number of hours scanned with 24-hour turnaround 
Number of hours scanned within six months of recording 
Number of putative kents 
Number of putative double knocks 
Rate of putative kent encounter per recording day 









0.44 kents per 24 hours 
0.21 DKs per 24 hours 








0.08 kents per 24 hours 
0.05 DKs per 24 hours 
77 
Chapter 3 - Further acoustic evidence for the Ivory-billed Woodpecker in Florida 
Table 4. A summary of detections of putative Ivory-billed Woodpecker sounds by 
members of the Auburn/Windsor search team near the Choctawhatchee River, Florida 
in 2007. 
Observer 
, Dianne Deresienski 
• Dianne Deresienski, Greg Lewbart 
i Bryan Holiday 
• Bryan Holiday 
. Richard S. Martin 
Bryan Holliday, Dan Wylie 
.; Mark VanderVen 
Barry Flemming 
\ Brian Rolek 
Brent Campos 








. Mark VanderVen 
, Greg Lewbart, Diane Deresienski 




\ Kenny Strawn 
Kenny Strawn 
' Brian Rolek 
Mark VanderVen 
' Brian Rolek 
Gordon Gover 
i Gordon Gover 
Gordon Gover 
; Ryan Speckman 
Gordon Gover 
\ Gordon Gover 
Brent Campos 




: Paul Rice 
Lawson Yow 
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4 double knocks 
double knocks 
2 double knocks 
, double knock 
4 double knocks 
to/if call 
tent call 
• 3 double knocks 
tenfcall 
2 kanf call 
4 double knocks 
tenrcall 
double knock 
2 double knocks 
12 kent calls 
fcenfcall 
8 kent calls 
7 tent calls 
kent ca\\ 
tenrcall 
3 kent calls 










2 double knocks 
double knock, tent call 
3 double knocks 
double knock 
20 -30 kent calls 
3 double knocks 
: 4 double knocks 
2 double knocks 
double knock 
2 double knocks 
: double knock 
kent calls 
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Figure 1. Photographs of the automated listening stations deployed along the 
Choctawhatchee River in Florida from 2007 January to 2007 June: (A) Photograph of the 
entire listening station set-up including microphone housing, wooden stake, and dry-bag; 
(B) Close-up photograph of listening station microphone housing; (C) Photograph of the 
Marantz PMD-670 Solid-state recorder, and lead-acid battery used to power the 
automated listening stations. 
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Time (sec) 
Figure 2: Sound spectrograms of Ivory-billed Woodpecker kent calls and kent-like 
sounds: (A) Sound spectrogram of putative Ivory-billed Woodpecker kent call recorded 
by an automated listening station along the Choctawhatchee River on 2007 02 24 at 
16:40; (B) Spectrogram of an Ivory-billed Woodpecker kent call made by Allen and 
Kellogg (1935); (C) Spectrogram of a kent-like call made by a Blue Jay; (D) Spectrogram 
of a kent-like call made by a Great Blue Heron; (E) Spectrogram of a kent-like call made 
by an Eastern Gray Squirrel followed by a characteristic squeal. 
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Figure 3. Sound spectrograms of putative Ivory-billed Woodpecker recordings and 
comparison sounds. Sound spectrograms of putative Ivory-billed Woodpecker double 
knocks (A-E) and kent calls (G,H) recorded from 16 Listening Stations along the 
Choctawhatchee River in 2007. Spectrograms of the double knock of a Pale-billed 
Woodpecker (F) and a recording of a kent call (I) of an Ivory-billed Woodpecker made in 
1935 are shown for comparison. Recording A from 2007 02 08 at 1427h, recording B from 
2007 02 20 at 063 Oh, recording C from 2007 02 22 at 083 7h, recording D from 2007 03 06 
at 1422h, recording E from 2007 03 11 at 1522h, recording G from 2007 02 24 at 1640h, 
recording H from 2007 02 28 1326h. 
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Figure 4a. Map of the Old Creek Study Site showing the locations where human 
observers saw or heard what they thought was an Ivory-billed Woodpecker and the 
locations of listen stations with the rate (detections per day) at which they recorded kent 
calls and double knocks. 
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Figure 4b. Map of the Bruce Creek Study Site showing the locations where human 
observers saw or heard what they thought was an Ivory-billed Woodpecker and the 
locations of listen stations with the rate (detections per day) at which they recorded kent 
calls and double knocks. 
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Introduction 
The Ivory-billed Woodpecker (Campephilus principalis) was once resident in the 
mature bottomland forests of southeastern North America from east Texas to Florida and 
the Carolinas along the Gulf and Atlantic Coasts and north in the Mississippi River 
Valley to southern Missouri (Jackson 2002; 2006a). Populations were greatly diminished 
and isolated by the cutting of swamp forests in the late 19th and early 20th centuries, and 
collectors shot many of the remaining birds (Tanner 1942, Jackson 2002, 2006a). The last 
well-documented Ivory-billed Woodpecker lived in the Singer Tract in northeast 
Louisiana before the last of that virgin forest was logged in 1944 (Jackson 2002,2006a). 
A second, disjunct population of Ivory-billed Woodpeckers may have persisted in the 
mountains of Cuba until 1988, but that population was pronounced extinct by the end of 
the 20l century (Lammertink 1995). Over the last 60 years, a few sight records in the 
continental United States have suggested the presence of Ivory-billed Woodpeckers, 
particularly in Louisiana (Gallagher 2005), but most bird authorities concurred that the 
Ivory-billed Woodpecker was likely extinct by the latter part of the 20th century 
(American Ornithologists' Union 1983). In 2005, a video purporting to show an Ivory-
billed Woodpecker along the Cache River in Arkansas was published (Fitzpatrick et al. 
2005), but whether or not the indistinct image captured on this video is an Ivory-billed 
Woodpecker remains contentious (Jackson 2006b, Sibley et al. 2006, Fitzpatrick et al. 
2006a, 2006b). The failure of a massive search of the forests of eastern Arkansas from 
2004 to 2006 to reliably relocate Ivory-billed Woodpeckers suggests that no population 
of Ivory-billed Woodpeckers persists in that area (Fitzpatrick et al. 2006b). 
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On 21 May 2005, GEH, TLH, and BWR detected a bird that appeared to be an 
Ivory-billed Woodpecker in a mature swamp forest along the Choctawhatchee River 
north of the town of Bruce in the Florida panhandle. The Choctawhatchee River and its 
major tributaries flow through more than 20 000 ha of mature, seasonally flooded forest. 
Baldcypress (Taxodium distichum) was selectively cut from this watershed in the early 
20l century, but extensive stands of oak (Quercus spp.), other hardwoods, and scattered 
huge baldcypress remained uncut. From December 2005 to May 2006 we searched for 
Ivory-billed Woodpeckers in an approximately 500-ha plot of forest surrounding the 
location of our initial detection. Two of us (BWR and KAS) camped in the area 
throughout this period, and the other researchers visited periodically. We moved through 
the area daily in kayaks and by foot, looking and listening for Ivory-billed Woodpeckers. 
We carried small video cameras to record images and sounds. In addition, we used seven 




We erected seven automated listening stations consisting of Sennheiser ME-62 
omni-directional microphones with K6 power modules and Marantz PMD-670 solid-state 
digital recorders powered by sealed lead-acid batteries. Microphones were housed in rain 
guards made of polyvinyl chloride (PVC) tubing and attached to the top of 3-m wooden 
stakes using 30-cm shelf brackets. Stakes were attached to small trees so that sound was 
recorded from all directions. All components were camouflaged with spray paint. To 
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facilitate 24-h recordings, sounds were recorded as MP3 files at 44.1 kHz, 16 bit, 160 
kbps onto Hitachi 3 GB microdrive cards. Memory cards and batteries were changed 
daily. 
Field recordings were split into consecutive 60-min recordings and converted to 
AIF or WAV format using "Audition" (Adobe, San Jose, California). Files were then 
scanned using "Syrinx-PC" sound analysis software (J. Burt, Seattle, Washington), which 
allowed us to visualize all recordings minute by minute, to compare field recordings with 
spectrograms of historical Ivory-billed Woodpecker "kent" calls from 1935, and to 
directly annotate sounds of interest. For all double knocks, we measured the delay 
between the two knocks (start time of the first knock to the start time of the second 
knock) using the time cursors of Syrinx-PC (resolution 0.001 s). We measured relative 
amplitude of knocks using the Maximum RMS Power feature of Audition (background 
noise below 400 Hz was filtered as necessary using the FFT filter function of Audition). 
Cavities 
To measure the numerous large cavities in the 500-ha study plot, we used a 
retractable 12-m pole to raise a ruler next to cavity entrances and then took a digital 
photograph of each entrance and ruler. We photographed 131 cavities clearly enough and 
with a scale in the photo so that we could quantify cavity entrance size. We used 
"ImageJ" software (U.S. National Institutes of Health) to calculate the vertical and 
horizontal dimensions of each photographed cavity entrance. Photographing cavities at an 
angle from below is likely to distort their size, but the distortion should result in an 
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underestimate of the vertical dimension, thus making our measurements of cavity size 
conservative. 
In July and August 2006, we searched for large cavities in forests in Lee and 
Macon counties, Alabama, approximately 200 km north of our Ivory-billed Woodpecker 
study area. Lee and Macon counties have abundant Pileated Woodpeckers (Dryocopus 
pileatus), but no Ivory-billed Woodpeckers or signs of Ivory-billed Woodpeckers have 
been reported in these counties in more than 60 years of intensive ornithological work by 
faculty and graduate students at nearby Auburn University. 
Foraging Signs 
We quantified bark adhesion with a Cabela's Advanced Angler's 50 lb Digital 
Scale graduated at 0.01 kg increments with a maximum capacity of 30 kg (Cabela's Inc., 
Sidney, Nebraska). We attached an L-shaped bracket made of steel (a picture-hanging 
bracket) to the hook on the scale. We pushed the lower part of the bracket under the bark 
immediately next to a woodpecker feeding mark and recorded the force required to lift 
the bark by 1 cm. We took three bark adhesion measurements per tree, and used the mean 
adhesion per tree in comparisons. We did not restrict our measurements of bark adhesion 
to the best putative Ivory-billed Woodpecker feeding trees nor to what we thought was 
"fresh" feeding sign. Rather, we chose patches of forest with signs of woodpecker 
foraging and measured the adhesion of bark to all trees >5 cm in diameter that showed 
obvious signs of woodpecker foraging, without regard to whether it appeared fresh or old. 
Our goal was to quantify the full range of adhesion strengths of bark next to woodpecker 
foraging sign in different forested regions. 
88 
Appendix 1 - Evidence for the existence of the Ivory-billed Woodpecker in Florida 
We measured bark adhesion within our 500-ha Ivory-billed Woodpecker study 
area in Florida, and in three seasonally flooded bottomland hardwood forests along 
Saugahatchee, Choctafaula, and Uphapee Creeks in Lee and Macon counties, Alabama, 
approximately 200 km north of the Florida site. All four of these sites support high 
densities of Pileated Woodpeckers, but we have detected no Ivory-billed Woodpeckers 
during intensive bird surveys of the three sites north of the Choctawhatchee over the past 
4 years. The three northern sites supported mature bottomland hardwood forests with a 
history of disturbance and tree-species composition that was largely similar to that of the 
forests along the Choctawhatchee River. The northern creek bottomlands were narrower 
and less extensive than the vast swamps along the Choctawhatchee River. At all sites, 
common trees were water hickory {Carya aquatica), spruce pine {Pinus glabra), 
sweetgum (Liquidambar styraciflua), red maple {Acer rubrum), overcup oak (Quercus 
lyrata), and swamp chestnut oak {Quercus michauxii). There was much more water 
tupelo {Nyssa aquatica) and baldcypress in the Florida site compared with the Alabama 
sites, but these trees were uncommon feeding substrates for woodpeckers. We did not 
attempt to quantify forest composition at any of these sites. 
Results 
Human Detections 
On 14 occasions, we sighted birds well enough to observe the diagnostic shape, 
plumage pattern, or flight behaviour characteristics of Ivory-billed Woodpeckers 
(Appendix 1: table SI). On two of these occasions, we observed two birds together. In 
each of these encounters, observers who had abundant experience with Pileated 
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Woodpeckers and other southern swamp birds identified field marks that were 
characteristic of Ivory-billed Woodpeckers, such as white trailing edges on black wings, 
non-undulating loon-like flight with stiff wingbeats, and white lines running from the 
neck down the back (see Appendix 1: table SI). 
Members of our research team heard sounds matching the distinctive double 
knock and kent call of Ivory-billed Woodpeckers, including several bouts of repeated 
double knocks or kent calls, 41 times between May 2005 and April 2006 (Appendix 1: 
table S2). Seven of 12 visitors to the study site between May 2005 and April 2006 heard 
sounds consistent with Ivory-billed Woodpecker kent calls or double knocks. We 
recorded nine putative double knocks and five putative kent calls with hand-held video 
cameras, including consecutive double knocks that appeared to be given by two different 
birds. 
Sound Recordings 
Seven automated listening stations spaced approximately 500 m apart collected 
11 419 h of audio recordings between 5 January and 23 April 2006. From these 
recordings and the audio recordings from hand-held video cameras, we isolated 99 
putative double knocks and 210 putative kent calls (Fig. 1; Appendix 1: table S3). Many 
of these recordings are faint because we used omni-directional microphones to record 
birds that were seldom near the listening stations. However, our recordings of both 
putative kent calls and putative double knocks match historical descriptions of Ivory-
billed Woodpecker acoustic signals. Members of our search team never played kent calls 
or attempted to mimic double knocks, and we never encountered another birdwatcher in 
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the area. We are confident that the sounds that we recorded were not made by a human 
attempting to mimic an Ivory-billed Woodpecker. 
Allen and Kellogg recorded kent calls from Ivory-billed Woodpeckers in 
Louisiana in 1935 (Tanner 1942). These calls were recorded from a breeding pair at their 
nest and the vocalizing birds appeared to have been agitated by the humans making the 
recordings. Thus, any comparisons between our recordings and the Allen and Kellogg 
recordings must be treated cautiously because of likely differences in the context in 
which the calls were produced. Nevertheless, the putative kent calls that we recorded 
share similarities in fine structure to the Allen and Kellogg recordings, being composed 
of short, harmonically rich syllables. The fundamental frequency and first two harmonics 
of the kent calls recorded by Allen and Kellogg have frequencies of 632±24 Hz, 1264±50 
Hz, and 1891 ±68 Hz (mean±SD for n = 31 calls; historical kent recordings were 
measured from the Cornell Laboratory of Ornithology website; 
http://www.birds.cornell.edu/ivory/). Although our faint recordings made detailed 
frequency measurements difficult for many recorded calls, we found similar frequencies 
for the fundamental frequency and first two harmonics of putative kent calls recorded 
near the Choctawhatchee River: 748±102 Hz (n = 161), 1443±220 Hz (n = 184), and 
2144±334 Hz (n = 172; lower frequency harmonics were more difficult to measure in 
more distant recordings). Putative kent calls that we recorded in Florida in 2006 
(0.21±0.08 sec, n = 210) were slightly longer than calls recorded at the nest by Allen and 
Kellogg in Louisiana in 1935 (0.11±0.01 sec, n = 31). Our recordings of putative kent 
calls match Tanner's (1942) description of Ivory-billed Woodpecker kent calls, "with the 
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vowel sound dominant and sounding between the note of a clarinet or saxophone 
mouthpiece and a tinny trumpet." 
Of the 210 putative kent calls we recorded, 132 were recorded as single, isolated calls. 
The remaining 78 calls were recorded in 31 bouts, where calls were repeated two to five 
times (average number of calls per bout = 2.50±0.77) with an average inter-kent interval 
of 4.6 seconds. Putative kent calls were recorded at all times of day from 0704 (early 
morning) to 1747 h (late afternoon, just before sunset). 
Sounds that resemble Ivory-billed Woodpecker kent calls are produced by Red-
breasted Nuthatches (Sitta canadensis), White-breasted Nuthatches (Sitta carolinensis), 
gray squirrels (Sciurus carolinensis), and Blue Jays (Cyanocitta cristata) (Jackson 2002, 
Tanner 1942), and may also be produced by Great Blue Herons (Ardea herodias) (R. 
Charif, pers. comm.). Neither species of nuthatch was detected at our site, either by 
experienced human observers or on our remote sound recordings. Great Blue Herons are 
common along the Choctawhatchee River, but their occasionally kent-like calls could be 
distinguished because they were followed in sequence by repeats of their more common 
squawk-like calls. Gray squirrels, which are plentiful throughout our study site and 
produce a "chuck" call with harmonic structure similar to the Ivory-billed Woodpecker's 
kent call, could be distinguished on the basis of a drawn-out squeal that follows the 
"chuck." Blue Jays have immense vocabularies of vocalizations (Tarvin and Woolfenden 
1999) and may be able to produce notes that closely resemble Ivory-billed Woodpecker 
kent calls (Charif et al. 2005). Such vocalizations are atypical sounds for Blue Jays and 
should not be their exclusive vocalizations. If Blue Jays were the source of our putative 
kent calls, then kent calls should be commonly associated with more familiar Blue Jay 
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vocalizations. However, none of the 210 putative kent calls recorded by our listening 
stations were associated with any known Blue Jay vocalizations. Between December and 
March, Blue Jays were absent from the core study area and were detected only at the 
edges of the swamp next to pine (Pinus spp.) stands. Blue Jays were not detected within 
the core study area either by experienced human observers or by our listening stations 
until the end of March, at which time both humans and listening stations recorded the 
appearance of Blue Jays, especially at the periphery of the study area. Numerous putative 
kent calls were heard by human observers and recorded by listening stations in February 
and early March, when no Blue Jays were present. 
No recording of the Ivory-billed Woodpecker's double knock exists for 
comparison with our recordings from the Choctawhatchee River. Tanner (1942) describes 
the double knock as a "hard, double rap, BAM-bam, the second note sounding like an 
immediate echo of the first." The timing of the putative double knocks that we recorded 
is consistent with this description of two raps in direct succession: the average delay from 
the start of the first knock to the start of the second knock was 0.115 ± 0.003 seconds (n = 
99). In 45% of our putative double knocks, the first knock was louder than the second, 
matching Tanner's description (Jackson 2002). A louder first knock may be a common 
double-knock pattern among Campephilus woodpeckers (Jackson 2002), but amplitude of 
Campephilus double knocks has not been investigated systematically. Our recordings of 
Pale-billed Woodpeckers {Campephilus guatemalensis) from Costa Rica reveal double 
knocks with both loud/soft patterns and soft/loud patterns (D.J.M., unpublished data). 
The putative double knocks that we recorded show tremendous variation in tone, 
which likely reflects variation in the substrate upon which they were produced. A 
93 
Appendix 1 - Evidence for the existence of the Ivory-billed Woodpecker in Florida 
recording of nine successive double knocks produced by a single Pale-billed Woodpecker 
in Costa Rica demonstrates the variation in the quality of double knock sounds that can 
be produced by one individual: all nine of these double knocks were produced by the 
same bird on different parts of one tree (supporting information sound file: Appendix 11; 
recorded by D.J.M. with a Sennheiser MKH70 directional shotgun microphone and a 
Marantz PMD660 solid state digital recorder on 12 May 2006 in Santa Rosa National 
Park, Costa Rica). 
Of the 99 putative double knocks that we recorded, 69 were recorded as isolated 
sounds. The remaining 30 were recorded in ten bouts, wherein double knocks were 
repeated two to nine times (average number of double knocks per bout = 3.0±0.7). 
Double knocks were recorded at all times of day from 0542 (twilight, shortly before 
sunrise) to 1720 (just before sunset). 
Twice we recorded series of putative double knocks that appear to have been produced by 
two different individuals. The first recording has nine double knocks (recorded 25 
December 2005 at 0730 with a hand-held video camera); the first two double knocks are 
distant, the intermediate five double knocks are markedly louder, and the final two 
double knocks are distant. TLH, who recorded these double knocks, and BWR, who 
stood next to him, thought the sounds were coming from two birds in front of them in the 
forest, but out of view. The second recording has three double knocks (recorded 20 
January 2006 at 0927 at an automated listening station); the last two double knocks in the 
file are given in direct succession and at different intensities. 
On 11 days, we recorded both putative kent calls and putative double knocks at a single 
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listening station or at adjacent listening stations separated by approximately 500 m. 
January 12: 1 kent call and 5 double knocks; January 22: 3 kent calls and 5 double 
knocks; February 6: 10 kent calls and 2 double knocks; February 9: 4 kent calls and 1 
double knock; February 10: 3 kent calls and 1 double knock; March 2: 1 kent call and 1 
double knock; March 13:1 kent call and 1 double knock; March 20: 1 kent call and 7 
double knocks; March 25: 5 kent calls and 1 double knock; March 26: 7 kent calls and 3 
double knocks; April 10: 23 kent calls and 1 double knock (Appendix 1, Fig. SI). 
Cavities 
Ivory-billed Woodpeckers were reported to excavate cavities with larger 
entrances than any other woodpecker that lived north of Mexico (Jackson 2002, Tanner 
1942). We found many large cavities in the forests along the Choctawhatchee River (Fig. 
2). The vertical diameter of the entrance holes for 20 of the cavities we measured fell in 
the size range of active Ivory-billed Woodpecker nest cavities measured in the Singer 
Tract in Louisiana in the 1930s (12.7 cm and greater) (Tanner 1942), and the vertical 
diameter for 33 of the cavities we measured exceeded the maximum published height for 
the cavity entrance holes of Pileated Woodpeckers (12.0 cm) (Bull and Jackson 1995). 
The horizontal diameter of the entrance holes for 67 cavities fell in the range of Ivory-
billed Woodpecker cavities (10.2 cm and wider) (Tanner 1942) and the horizontal 
diameter for 98 cavities exceeded the maximum reported width for the cavity entrance 
holes of Pileated Woodpeckers (9 cm) (Bull and Jackson 1995) (Fig. 3). 
We compared size of cavity entrances along the Choctawhatchee River to the 
largest cavities we could find in Lee and Macon counties, Alabama, where Pileated 
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Woodpeckers are common but where we have detected no Ivory-billed Woodpeckers. We 
measured the entrances of 21 cavities in Lee and Macon counties. Two of these cavities 
were active Pileated Woodpecker nests, and the remaining 19 shared a similar 
appearance. The average vertical diameter of cavities along the Choctawhatchee River 
(10.8 ± 0.2 cm, n = 131) was significantly larger than the average vertical diameter of the 
21 cavities in Lee and Macon counties (8.5 ± 0.4 cm, n = 21; ANOVA: Fysi = 30.2, 
p<0.0001). Similarly, the average horizontal diameter of cavities along the 
Choctawhatchee River (10.1 ± 0.1 cm) was significantly larger than the horizontal 
diameter of cavities in Lee and Macon counties (7.9 ± 0.3 cm; ANOVA: F^isi = 28.5, p < 
0.0001). 
Many trees along the Choctawhatchee River had single cavities on their trunks, whereas 
others had two or more cavities stacked one above the other. Cavities occurred in both 
living and dead trees. Some cavity entrances appeared very fresh when we discovered 
them, with bright white wood around the perimeter of the cavity entrance and clearly 
visible bill marks. Bill marks, as distinct from the tooth marks of a gnawing mammal, 
could be seen through binoculars on several cavities, and we climbed to two large 
cavities and noted bill as opposed to tooth marks. We are confident that these cavities 
were cut into trees by birds and not enlarged by gnawing mammals. Most cavities in live 
trees appeared to have been excavated in previous years, with rims of scar tissue that 
diminished their original dimensions. 
From December to April, we watched and video taped one or a few cavity 
entrances each evening and morning, but we never detected a woodpecker coming or 
going from a cavity. 
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Foraging Signs 
According to Tanner, who watched Ivory-billed Woodpeckers feed in Louisiana 
in the 1930s, Ivory-billed Woodpeckers use their relatively flat, chisel-like bills to scale 
tightly adhering bark from recently dead trees (Tanner 1942). Although Pileated 
Woodpeckers obtain food by scaling bark, they apparently do so primarily on trees with 
loosely adhering bark, and Tanner (1942) indicated that they do so less cleanly than 
Ivory-billed Woodpeckers (Tanner 1942). We found woodpecker feeding sign on 
numerous trees within our study area that fit Tanner's description for Ivory-billed 
Woodpeckers (Fig. 4). 
Approximately 20% of scaled trees in our study area along the Choctawhatchee 
River had tightly adhering bark with adhesion values above those observed in swamp 
forests where Ivory-billed Woodpeckers have not been detected (Fig. 5). The mean 
adhesion of bark around foraging marks was significantly different among the four sites 
(ANOVA: F3,542 = 28.3, p < 0.0001) with significantly greater adhesion along the 
Choctawhatchee River than at the three other sites (Tukey-Kramer: p < 0.05). There were 
no significant differences among sites in the mean diameter of trees measured (ANOVA: 
F3,542 = 0.3, p = 0.66; Table 1), and all four sites had grossly similar tree species 
composition. To evaluate whether the differences in bark adhesion might be due to 
differences in tree species composition, we compared bark adhesion among the four sites 
for sweetgum only. Again, we found that bark adhesion around woodpecker foraging 
marks was significantly different among the four sites (ANOVA: F3,3o = 3.26, p = 0.03) 
with greater adhesion along the Choctawhatchee River (6.9 ± 1.0 kg of force to lift bark, 
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n = 23 trees) than at the three other sites (Choctafaula Creek: 2.1 ± 2.7 kg, n = 3 trees; 
Sougahatchee Creek: 1.1 ± 1.9 kg, n = 6 trees; Uphapee Creek: 2.2 ± 2.7 kg; n = 2 trees). 
Discussion 
Our observations, acoustic encounters, audio recordings, measurements of 
cavities, and analysis of feeding sign provide evidence that Ivory-billed Woodpeckers 
may live along the Choctawhatchee River in the Florida panhandle. In a 1-year period 
from 21 May 2005 to 19 May 2006, members of our search team saw birds that we 
identified as Ivory-billed Woodpeckers 14 times. We heard sounds matching Ivory-billed 
Woodpecker kent calls and double knocks, and our listening stations recorded numerous 
putative kent calls and double knocks, including both sounds at the same recorder on the 
same day. At the location of our sightings and sound detections, we documented trees 
with very large cavities with dimensions exceeding the published range for Pileated 
Woodpecker cavities and exceeding sizes of cavities measured in a nearby area where 
Ivory-billed Woodpeckers are known not to occur. Also at this same location, and 
sometimes on the very trees with large cavities, we observed bark scaling unlike that seen 
in other southern bottomland forests. Any one of our lines of evidence could be dismissed 
as coincidental or a mistake, but together, these observations, collected by experienced 
ornithologists, suggest that Ivory-billed Woodpeckers may be present in the Florida 
panhandle. The persistence of Ivory-billed Woodpeckers will be established definitively 
only by a clear photograph or video image, a fresh feather, or perhaps genetic analysis of 
material from a nest or roost cavity, but the evidence presented here warrants an 
expanded search and protection of this bottomland forest habitat. 
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The swamp forests along the Choctawhatchee River constitute one of the largest 
tracts of mature forest in the southeastern U.S. This corridor of bottomland hardwood 
forest extends for about 60 km, with an average width of about 2.5 km. This forest was 
only selectively logged in the early 20th century, and large areas suitable for Ivory-billed 
Woodpeckers likely persisted even through the decades of active logging. Although this 
river system lies near the center of the historic range of the Ivory-billed Woodpecker, no 
specimens are known from this region. A sight record from the Yellow River adjacent to 
Eglin Air Force Base in 1966, approximately 100 km east of our study area, and 
specimens and sight records from the Apalachicola River basin, approximately 100 km to 
the west of our study area, are the closest reports of Ivory-billed Woodpeckers to the 
Choctawhatchee River (Jackson 2004). A lack of museum specimens taken from the 
Choctawhatchee River suggests that Ivory-billed Woodpeckers escaped shooting by 
collectors in this river system. Much of this vast swamp forest is owned by the Northwest 
Florida Water Management District, a Florida state agency, so the prospects for 
preventing future logging and protecting birds in this area are good. 
Walters and Crist (2006) recognized two problems inherent in any attempt to 
recover a population of Ivory-billed Woodpecker. First, Ivory-billed Woodpeckers will 
necessarily persist in small numbers, subjecting the species to the risk of extinction faced 
by all species reduced to small populations. Second, the Ivory-billed Woodpecker was 
driven to the brink of extinction primarily by loss of habitat. Unless large blocks of 
mature swamp forest can be restored, there is little hope for the recovery of this species. 
At this point, we do not know the number of Ivory-billed Woodpeckers that exist in the 
Choctawhatchee River basin or the specific habitat needs of Ivory-billed Woodpeckers in 
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the Florida panhandle. Preliminary and cursory searches north and south of our study site 
have revealed foraging sign and large cavities that suggest Ivory-billed Woodpeckers 
might be widespread in this river system and might exist as more than a few isolated 
individuals. Large sections of this river basin appear to support old-growth swamp forest 
that may be suitable for Ivory-billed Woodpeckers. 
Future research related to the Ivory-billed Woodpecker in the Choctawhatchee 
River basin will focus on gathering definitive evidence for the existence of at least one 
bird, and searching for evidence of nesting Ivory-billed Woodpeckers. If definitive 
evidence is obtained, research will focus on estimating the size of the population and 
delimiting the portions of the Choctawhatchee River basin used by Ivory-billed 
Woodpeckers, and on searching similar river systems on the Florida panhandle, including 
the Escambia, Yellow, and Apalachicola rivers for evidence of other Ivory-billed 
Woodpeckers. 
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Table 1. Bark adhesion and diameter at breast height (DBH) for trees that showed signs 
of woodpecker feeding along the Choctawhatcb.ee River where Ivory-billed Woodpeckers 
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Figure 1. Sound spectrograms of putative Ivory-billed Woodpecker recordings and 
comparison sounds. Sound spectrograms of putative Ivory-billed Woodpecker double 
knocks (A-F) and kent calls (E, F) recorded along the Choctawhatchee River, Florida in 
2005 and 2006. Spectrograms of the double knock of a Pale-billed Woodpecker (D) and a 
recording of a kent call of an Ivory-billed Woodpecker made in 1935 (G) are shown for 
comparison. Sound files available through online supporting information. 
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Figure 2. Examples of the many large cavities found within the 500-ha study area. (A) A 
cavity that appeared very fresh when found in December 2005 in a live water tupelo 
(Nyssa aquatica), (B) Two cavities in a live water tupelo. The top cavity is larger and 
fresher than the bottom cavity, which has shrunk in size as scar tissue has grown around 
the lip. (C) A cavity in large (127 cm at cavity height) baldcypress (Taxodium distichum). 
(D) Cavity in a live water tupelo. (E, F) Cavities in the decayed soft wood in the tops of 
dead sweetgums (Liquidambar styraciflua). The white rod in five of the photos is the 
reference scale raised to cavity height and used to measure entrance dimensions. 
Numbers beside arrows give the dimension in cm. 
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Figure 3. Dimensions of nest cavity holes for large cavities along the Choctawhatchee 
River. Vertical diameter (A) and horizontal diameter (B) of cavity entrances for 131 nest 
cavities. Full ranges of published dimensions of Ivory-billed Woodpecker cavities 
(Tanner 1942) and Pileated Woodpecker cavities (Tanner 1942, Bull and Jackson 1995) 
are shown. 
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Figure 4. Examples of the trees within our 500-ha study area with tightly adhering bark 
that has been scaled. Sweet gum (A, B, F) and spruce pine (D, E) commonly showed 
feeding sign. (C) A chisel on a small hardwood on which the bill of a foraging bird 
caught a thin section of the underlying sapwood and curled it. The arrows indicate the 
bore holes of insects revealed when bark was scaled away by a woodpecker. 
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Figure 5. Bark adhesion measurements from the forests along the Choctawhatchee River 
and comparison sites. Bark adhesion scores for woodpecker feeding trees along the 
Choctafaula Creek (n = 118 trees; mean score = 1.28 ± 1.48 kg) (A), the Sougahatchee 
Creek (n = 117 trees; mean score = 1.05 ± 1.33 kg) (B), and the Uphapee Creek (« = 100 
trees; mean score = 1.22 ± 1.79 kg) (C) where Ivory-billed Woodpeckers were not 
detected. (D) Bark adhesion scores for woodpecker feeding sites along the 
Choctawhatchee River (n = 211 trees; mean score=4.76 ± 6.85 kg) where Ivory-billed 
Woodpeckers were detected. 
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Appendix 1: Supplementary Materials 
Table SI. Summary of observations of Ivory-billed Woodpeckers near the Choctawhatchee 
River, Florida 
Observer Date Time Distance 
to b i rd 









Naked eye: lleeina 
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Binoculars; side 
























































Naked eye: hend-on 
view, then banking 
•ett 




N.iked eye; llyinj; 
directly away 
BiiMcul.il i. fleeing 
bird 
Naked eye and 
binoculars (blurry); 
2 birds just spooked 
off tree, clear 
underside view and 
side view 
BiuocuLirs: iow 
from tree, fleeing 
Naked eye: i,.i 
away. tlee:i!2 
Naked eye. flyiisi 
aeiuss ciei-x in kvnt 
of canoe, poor 
lighting 
Naked eye; flying 
across channel and 
swooping up to land 
on trunk of tree but 
not seen on tree 
Lai <it black w ooJpecker w ith w h:te ti ailing 
edge on upper and under w ine 
Loon-like (light, stiff wmgbenis; white 
trailing edge on underwing; white trailing 
edge on upper vving; white lines running 
from neck down back on each side dorsal 
surface: head (crest), back, nunp, tail, and 
neck black 
Laiue woodpecker; stiff wiugbeals: long 
neck bill, long tail, long wings: no color 
Two large woodpeckers, one Mailing other by 
1 or 2 sec; on both: long wings; long 
neek/bili, long tail, black and white on wings 
Duck-like flight, underside of wings with 
while Hailing edge and wina lining: black 
line running down center of uiideiYving 
spreading to cover primaries 
While sev.ouJ.il ies. large black woodpckci 
Fast, straight, loon-like flight: big 
woodpeckci with lona relatively narrow 
wings, long hendneck, long tail 
Powerful straight-line flight, from 2 m alxive 
water to 30 m in steady rise; large black 
woodpecker with bright white trailing edge 
011 dorsal wing: double knock heard 
White secondaries, large black woodpecker: 
2 double knocks heaid 
2 large woodpeckers coining off tree; clear 
view of underside of both birds wings: long 
white wings with black line extending down 
center and widening toward wing tip; deep 
wingbeats as they hovered; shallow beats 
with direct flight once moving, flashing 
white; long necks 
Low fa-1 flight: white secondaries: Luge: 
long, slender wings and long neck 
Lnige woodpecker; white secondaries 
Shape only; huge biid. long wings, fast duect 
lliaht. duck-like, shallow beats 
Large black woodpecker with broad white 
trailing edge to wing; landing on side of tree 
trunk as a woodpecker 
* Detailed notes for these two encounters are provided below. 
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Table S2. Summary of detections of sounds consistent with Ivory-billed Woodpeckers 
near the Choctawhatchee 
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TLH. BWR 
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45 double knocks 
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12 krnr calls 
kent call, double knock 
double knock 
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*-S krnr ca lk 
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2 double knocks. 
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4 krms (TLH heard 1 double knock) 
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1 double knock 
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1 double knock 
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Fig. SI. Time lines showing chronology of recording of putative double knocks (DKs) 
and putative kent calls and the listening stations at which these were recorded in 2006. 
(A) January 12. (B) January 22. (C) February 6. (D) February 9. (E) February 10. (F) 
March 2. (G) March 13. (H) March 20. (I) March 25. (J) March 26. (K) April 10. When 
multiple listening stations were involved these were separated by approximately 500 m. 
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Table S3. Lis 
recorded near 
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" Recording made with hand-held videocamera (all other recordings made with automated listening stations) 
Recording showed evidence of more than one individual 
All sound files are available for download as an online supporting information or from www.uwindsor.ca/dmeniiiil 
All supporting sound files are normalized to the same amplitude using the maximize feature of SyrinxPC 
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Transcribed Field Notes 
Written descriptions from the two of the most detailed sightings, by Tyler L. Hicks 
Sighting 1: 27 May 2005 
Fig. S2. Field sketch made on May 27, 2005 by Tyler 
L. Hicks. 
At approximately 9:47 AM while sitting to north of [LOCATION WITHHELD] I was 
observing a Red-eyed Vireo feeding in the sub-canopy to the east of my position. Out of 
die comer of my eye I caught a large bird flying to my right. I turned and observed a 
large black and white woodpecker flying quickly in loon-like fashion with stiff wing 
beats and a direct flight to the north of me (Fig. S5). The bird banked to the northwest 
and climbed tinough the canopy cover affording binocular views before disappearing 
through the canopy vegetation (Fig. S6). In flight observed from behind the bird was 
largely black with large white wing patches on the trailing edge of the wing. The wing 
beat was deep and more direct than smaller woodpecker species. In flight the wings 
flashed white on both the upstroke and down stroke. 
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On the final down stroke the bird climbed through canopy affording a better view of th 
bird dorsally. The bird appeared long (almost loon-like) hi flight. The large white wing 
patches were clearly visible and the white lines liuming from the neck down the flank 
were visible as well. The bird's head, back, ramp, tail, and neck were clearly all black, 
also believe I caught glimpse of the pale Ivory bill. Due to the size and diagnostic field 
marks observed there is no doubt in my mind that this bird was a female Ivory-billed 
Woodpecker. 
Fig. S3. Circumstances of 27 May 2005 sighting. 
Fig. S4. Overview of position of bird and observer-. 
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Sighting 2: 24 December 2005 
Fig. S5. Sketch made on 12-24-05 by Tyler L. Hicks. 
While paddling "Hill's Swamp" at approximately 3:30 PMI observed in good light an 
IB WO flying from the south and banking east at about 50 yards. The bird was flying just 
below the main canopy of Hill's Swamp initially following the creek channel before 
banking east into forests of No-Name Hammock. Initially the identification of the bird 
was a mystery to me as it approached from the south. Through the trees the bird seemed 
like dark-colored dabbling duck in size and flight. As the bird approached nearly 50 yards 
away it banked sharply as it had obviously detected my presence. At this moment I 
observed the underwing of the bird in clear view. The underside of the wing had a hailing 
edge of white and the underwing linings were white as well. A black line ninning down 
the center of the underwing and spreading to cover the outer primaries divided this 
largely white underwing. The bird quickly moved east into an area of dense forest that 
had been damaged by a tornado. Although the view was brief and without binoculars I 
feel the bird could be nothing else but an IBWO. However no bill color was observed and 
at 50 yards one would expect to detect a pale Ivory bill. In addition no red coloration was 
observed leading me to believe the bird was a female. 
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Thesis Summary 
1. While automated sound recording systems offer many benefits over manual 
recording and survey techniques, they produce very large audio datasets which 
must be carefully examined in a laboratory in order to locate sounds of interest. In 
chapter 2,1 compared two sound scanning methods used to locate four different 
target sounds within continuous sound recordings: (1) a manual method using 
computer software to provide a visual representation of the recording as a sound 
spectrogram; and (2) an automated method using sound analysis software pre-
programmed to identify specific target sounds. For both methods, I compared the 
time taken to scan and review a 24-hour recording, scanning accuracy, and 
scanning comprehensiveness, using four different target sounds from three 
different species of woodpeckers. Overall, the automated scanning method 
required less time to scan and review a 24-hour sound recording, but made more 
false positive identifications and was less comprehensive than the manual 
scanning method. My results suggest that the manual scanning method is best 
suited for projects that depend on locating the maximum number of target sounds 
present within an acoustic dataset. 
2. In 2006,1 took part in a bioacoustic search for the Ivory-billed Woodpecker 
{Campephilus principalis) in Florida. Using automated recording systems, I 
collected and analyzed 11419 hours of continuous recording. From this acoustic 
dataset, I isolated 210 putative kent calls and 99 putative double knocks matching 
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Summary 
the historical descriptions of Ivory-billed Woodpecker sounds. These sounds 
represented one of four independent lines of evidence suggesting that Ivory-billed 
Woodpeckers persisted in Florida. All four lines of evidence were reported in Hill 
et al. 2006. 
3. A follow-up bioacoustic search was conducted in Florida during 2007, with the 
goal of obtaining definitive proof of the Ivory-billed Woodpecker persisting in 
Florida. The 2007 bioacoustic search utilized 16 automated recording systems to 
acoustically monitor three separate sites along the Choctawhatchee River, Florida. 
While definitive proof of Ivory-billed Woodpeckers was not obtained, I isolated 
and analyzed 94 putative kent calls and 58 putative double knocks from 28 150 
hours of audio data collected by the automated recording systems. The quantity 
and timing of this acoustic evidence suggests that, if Ivory-billed Woodpeckers 
persist in Florida, their roost, and possibly nest site was not located within the 
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